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ABSTRACT
A s tu d y  o f  some o f th e  m agne tic  p r o p e r t i e s  o f  low A l-Fe s t r i p  
produced  from powders h as  been  co n d u c ted .
The mixed powder a l l o y s  were compacted and s i n t e r e d  a t  1300°C. Cold 
r o l l i n g  (90 p e t .  r e d u c t io n )  w i th  one in t e r m e d i a te  s t r e s s  r e l i e f  a n n ea l  
was used to  p roduce  0 .011  i n .  t h i c k  s t r i p .  V arious  f i n a l  a n n e a l in g  t im es  
and te m p e ra tu re s  were employed in  an a t te m p t  to  develop  a p r e f e r r e d  
o r i e n t a t i o n .
M a te r i a l  c o n ta in in g  1 .75  wt p e t .  A1 and 2 .70  wt p e t .  A l,  an n ea led  a t  
1200°C o r  1300°C f o r  12 h o u rs  under low dew point p o sse ssed  a l a r g e -  
g ra in e d  Goss t e x t u r e ,  (1 1 0 ) [OOI^ . The 60 cps power l o s s  ( 15 ,000 Gauss 
peak) i s  l e s s  th a n  1 w a t t / l b  and th e  DC m a g n e to s t r i c t i o n  (15 ,000  Gauss) 
has  an av e ra g e  v a lu e  o f  abou t 7 .0  x  10 ^ i n . / i n .  a l th o u g h  th e  r e s u l t s  a r e  
w id e ly  s c a t t e r e d .  Secondary r e c r y s t a l l i z a t i o n  a p p e a rs  to  b e g in  a t  abou t 
1100°C. The t e n s i l e  s t r e n g t h  o f  th e  m a t e r i a l  i s ,  ro u g h ly ,  doub le  t h a t  of 
p u re  i r o n .
W hile such  A l-Fe s t r i p  i s  m e c h a n ic a l ly  and m a g n e t ic a l ly  i n f e r i o r  to  
g r a i n - o r i e n t e d  S i-F e  a l l o y  s t r i p  o f  com m ercial p r o d u c t io n ,  improvement o f  
th e  t e x t u r e  and r e d u c t io n  o f  th e  i n c l u s i o n  c o n te n t  shou ld  p roduce  a 
m a t e r i a l  m a g n e t ic a l l y  e q u iv a le n t  t o  g r a i n - o r i e n t e d  S i-F e  s t r i p .
i i i
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I  INTRODUCTION
Due to  th e  f a c t  t h a t  aluminum h as  v e ry  much th e  same e f f e c t  as
1 2s i l i c o n  on th e  p r o p e r t i e s  o f  i r o n ,  i t  h as  been  s u g g e s te d  ’ t h a t  A l-Fe
a l l o y s  m igh t be v a l u a b le  a s  e l e c t r i c a l  s t r i p .  At room te m p e ra tu re  (20°C)
aluminum in c r e a s e s  th e  r e s i s t i v i t y  o f  i r o n  a p p ro x im a te ly  l i n e a r l y  from
tfe
9 .7  pohm-cm by 10 pohm-cm f o r  each  one w e ig h t p e t .  o f  A1 added , up to  
a p p ro x im a te ly  s i x  w e igh t p e t .  o f  aluminum. S i l i c o n  i s  on ly  s l i g h t l y  
more e f f e c t i v e  (1 1 .6  pohm-cm/one p e t .  S i)  o ver  th e  same a l l o y  r a n g e .  
Aluminum and s i l i c o n  b o th  d e c re a s e  th e  s a t u r a t i o n  m a g n e t iz a t io n  o f  i r o n  
(1710 Gauss) l i n e a r l y  by abou t 50 G auss/one  p e t .  up to  abou t s i x  p e t .  o f  
th e  a l l o y i n g  e lem en t .
M agnetic  p r o p e r t i e s  such  a s  p e r m e a b i l i t y ,  c o e r c iv e  f o r c e ,  a n i s o t r o p y  
c o n s t a n t ,  c o re  l o s s  and m a g n e to s t r i c t i o n  have been  measured on b o th  s i n g l e  
c r y s t a l s  and s t r i p  m a t e r i a l  and found to  be  com parable  to  S i-F e  a l l o y s .
In  a d d i t i o n ,  A l-Fe a l l o y s  c o n ta in in g  up to  10 p e t .  aluminum can be co ld  
r o l l e d ,  w h i le  an  a l l o y  o f  abou t 5 p e t .  S i  i s  b r i t t l e .
The i n t e n t i o n  o f  t h i s  work was to  e v a l u a t e  low A l-Fe  a l l o y s  as  
p o s s i b l e  e l e c t r i c a l  s t r i p .  The p r o p e r t i e s  o f  power l o s s  and m a g n e to s t r i c ­
t i o n  have been  measured on m a t e r i a l  t r e a t e d  to  deve lop  a p r e f e r r e d  
o r i e n t a t i o n .  The o th e r  im p o r ta n t  m agne tic  p r o p e r t i e s ,  c o e r c iv e  f o r c e  and 
p e r m e a b i l i t y ,  can in  g e n e r a l  be  r e l a t e d  to  power l o s s :  an in c r e a s e  in
* U nless  o th e rw is e  s t a t e d ,  a l l  p e r c e n ta g e s  a r e  i n  w eigh t p e r  c e n t .
1
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p e r m e a b i l i t y  im p l ie s  a  d e c re a s e  i n  c o e r c iv e  f o r c e  w h i le  a lo w er in g  o f  th e  
power l o s s  i s  accompanied by a d e c re a se d  c o e r c iv e  f o r c e .  Some m ech an ica l  
t e s t s  have a l s o  been  made.
The o x i d a t io n  o f  aluminum makes i t  d i f f i c u l t  to  i n t r o d u c e  l a r g e  
q u a n t i t i e s  o f  t h i s  e lem en t t o  an  i r o n  m e l t .  The v i r t u e s  o f  powder 
m e ta l lu r g y  methods f o r  th e  p ro d u c t io n  o f  A l-Fe a l l o y s  a r e  c o n s id e r a b le .  
They may be  summarized a s  f o l lo w s ;
(a) C a re fu l  c o n t r o l  o f  t h e  s i n t e r i n g  atm osphere  r e s t r i c t s  o x id a t io n .
(b) L iq u id  phase  s i n t e r i n g  i n  t h i s  system  a i d s  i n  hom ogen iza t ion  
and re d u c e s  th e  p o r o s i t y  o f  th e  a s - s i n t e r e d  m a t e r i a l .
(c )  Com position  can be  e a s i l y  c o n t r o l l e d .
(d) High p u r i t y  i s  a c h ie v e d  and such e lem en ts  a s  c a rb o n ,  n i t r o g e n ,  
vanadium , chromium, t i t a n i u m  and magnesium, w hich can g r e a t l y  
i n f l u e n c e  m agne tic  p r o p e r t i e s  a t  t r a c e  l e v e l s  o f  c o n c e n t r a t i o n ,  
can  be c o n t r o l l e d .
A. M a g n e to s t r i c t i o n
M a g n e to s t r i c t i o n  i s  th e  name g iv e n  to  th e  e f f e c t  whereby a f e r r o ­
m ag n e tic  m a t e r i a l  changes d im ensions  i n  a  m agne tic  f i e l d .  A r e c e n t  r e p o r t  
a t t r i b u t e s  t r a n s fo rm e r  v i b r a t i o n  and n o i s e  t o ;
(a )  v a r i a t i o n s  i n  p e r m e a b i l i ty  i n  each l a m in a t io n .
(b) d e s ig n  c h a r a c t e r i s t i c s  w hich cau se  f l u x  t r a n s f e r  from la m in a t io n  
to  l a m in a t io n .
(c)  m a g n e t o s t r i c t i o n ,  which i s  th e  e x c lu s iv e  ca u se  o f  l o n g i t u d i n a l  
v i b r a t i o n  o f  a  la m in a te  and c o n t r i b u t e s  l a r g e l y  t o  th e  v i b r a t o r y  
o s c i l l a t i o n  o c c u r r in g  a c r o s s  a  t r a n s f o r m e r  arm.
M a g n e to s t r i c t i o n  changes th e  volume o f  a t r a n s fo rm e r  s t r i p  a s  w e l l  
a s  th e  l e n g th .  G e n e ra l ly  sp e a k in g ,  th e  volume m a g n e to s t r i c t i o n  has  a
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s m a l l  e f f e c t  p ro v id e d  t h a t  th e  m agnetic  i n t e n s i t y  i s  n o t  above s a t r u a t i o n .  
With t h i s  l i m i t a t i o n  i n  mind we can  n e g le c t  volume m a g n e to s t r i c t i o n  and 
c o n s id e r  l i n e a r  m a g n e to s t r i c t i o n  e x c l u s i v e ly .
Each c r y s t a l l o g r a p h i c  d i r e c t i o n  has  a s a t u r a t i o n  m a g n e t o s t r i c t i o n ,
X, which r e p r e s e n t s  th e  f r a c t i o n a l  change in  le n g th  o f  th e  c r y s t a l  when 
m agnetized  to  s a t u r a t i o n  i n  t h a t  d i r e c t i o n .  These a r e  e x p re s se d  a s  
Xjoo f ° r  t*16 s a t u r a t i o n  m a g n e to s t r i c t i o n  i n  th e  jjLOO] d i r e c t i o n ,  A h q  f o r  
th e  s a t u r a t i o n  m a g n e t o s t r i c t i o n  i n  th e  [ l i o ]  d i r e c t i o n ,  e t c .  In  g e n e r a l ,
th e  s a t u r a t i o n  m a g n e to s t r i c t i o n  o f  a c u b ic  s i n g l e  c r y s t a l  i s  e x p re s se d
4 ,5  a s  ’ ;
2 2 2 2 2 2 
X =  A l /1  =  h i  ( 0 4  B i +  ot2  82 ■+* o t3 B3 -  1 / 3 )
+ 2h2 (04 a2 Bl &2 "b a2 a 3^2^3 "b ^ 3016381) + h 3S
h 2 h 2 h i
+ h 1,(04 $1 + 0£2 62 *b a 3 B3 + 2 s /3  -  1 /3 )
2 2 2 
+  2 h 5 ( a i a 2 a a B1 62 +  a 2 a 3a l  8 2 6 3  +  “ 3a l a 2 8 3 B 1 )  ( 1 )
t
where
2 2 2 2 2 2 
s = a l a2 + 02 03 + 0 3  a j
X = r e l a t i v e  f r a c t i o n a l  change in  le n g th  o f  th e  c r y s t a l l o ­
g ra p h ic  d i r e c t i o n  w i th  d i r e c t i o n  c o s in e s  81 , 62,63  
w i th  r e s p e c t  to  th e  c r y s t a l  a x e s ,  and when th e  c r y s t a l  i s  
m a g n e t i c a l ly  s a t u r a t e d  i n  th e  c r y s t a l l o g r a p h i c  d i r e c t i o n
t
w ith  d i r e c t i o n  c o s in e s  0 1 , 02 ,03  w i th  r e s p e c t  t o  th e  
c r y s t a l  a x e s .
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4h i  . . .  hg = m a g n e to s t r i c t i o n  c o n s ta n t s
h i  = 3 / 2 (X j o o) 
h2 -  3 /2 (X m )
I f  th e  m a g n e to s t r i c t i o n  i s  m easured on th e  (110) c r y s t a l  p la n e  in  
th e  [001] d i r e c t i o n  ( t h i s  i s  th e  s i n g l e  c r y s t a l  e q u iv a le n t  to  th e  Goss 
t e x t u r e  which i s  deve loped  in  com m ercial S i-F e  t r a n s fo rm e r  m a t e r i a l )  
e q u a t io n  (1) becomes"*;
X = h i ( l  + 3 c o s 2 0 ) /6  + 113(7 -  4cos20 -  3co s4 0 ) /3 2
+ h 4 (9 + 2Ocos20 + 3 co s4 0 ) /4 8  (2)
where 0 i s  th e  a n g le  betw een th e  [001] d i r e c t i o n  and th e  d i r e c t i o n  o f  th e  
a p p l i e d  f i e l d .
With th e  f i e l d  a p p l i e d  e x a c t ly  i n  th e  [OOl] d i r e c t i o n  0 = 0 ,
th e n ;
X = 2 /3 ( h i  + h 4) (3)
For conven ience  th e  s a t u r a t i o n  m a g n e to s t r i c t i o n  m easured i n  th e  (110) 
p la n e  and a lo n g  th e  ]00 l]  d i r e c t i o n  i s  c a l l e d  X^. For S i-F e  a l l o y s  
e x p e r im e n ta l  r e s u l t s ^ ’ ^ f i t  th e  e q u a t io n  which i s  d e r iv e d  by u s in g  on ly  
th e  f i r s t  two te rm s o f  e q u a t io n  (1) -  im ply ing  t h a t  h 4 i s  n e g l i g i b l e .
T h is  l e a d s  from e q u a t io n  (3) t o ;
XG = 2 / 3 (hq)
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5
I t  fo l lo w s  t h a t ;
=  * 1 0 0  (A )
F ig u re  1 i s  a p l o t  o f  Xi00 v e r s u s  w e igh t p e r  c e n t  o f  S i  and A l.  The
6 8s i l i c o n  a l l o y  r e s u l t s  a r e  ta k e n  from C arr  and Smoluchowski and H a l l  and 
th e  aluminum a l l o y  r e s u l t s  from H a l l ^ .  These r e s u l t s  d e m o n s tra te  t h a t  th e  
s a t u r a t i o n  m a g n e t o s t r i c t i o n  Xiqq i s ,  a t  w o r s t ,  th e  same f o r  low a l l o y  
c o n c e n t r a t i o n s ;  a t  b e s t ,  t h a t  th e  A l-Fe  system  has  a s l i g h t l y  low er Xiqo 
up to  a p p ro x im a te ly  5 a tom ic  p e t .  A l.  T h is  im p l ie s  t h a t  X f o r  low a l l o y(j
c o n c e n t r a t i o n s  o f  Al i n  Fe w i l l  p roduce  e q u iv a le n t  o r  low er s a t u r a t i o n  
v a lu e s  th a n  S i-F e  a l l o y s  o f  th e  same c o n c e n t r a t i o n  l e v e l  in  s i n g l e  
c r y s t a l s .
E q u a t io n  (A) can be used  to  d e s c r ib e  th e  s a t u r a t i o n  m a g n e to s t r i c t i o n  
o f  a  Goss t e x t u r e ,  (110)[001]  , p o l y c r y s t a l l i n e  s t r i p  p ro v id ed  t h a t  i t  i s
re c o g n iz e d  t h a t  i n  a  p o l y c r y s t a l l i n e  m a t e r i a l  o th e r  f a c t o r s  may a l s o  a f f e c t
9 r~ ~ith e  m a g n e to s t r i c t i o n .  M easurements o f  s i n g l e  c r y s t a l  (110) [001J magneto­
s t r i c t i o n  i n  a  p o l y c r y s t a l l i n e  m a t r ix  have shown t h a t  a s  t h e  o r i e n t a t i o n  
o f  th e  su r ro u n d in g  g r a in s  away from th e  [OOi] d i r e c t i o n  i n  th e  r o l l i n g  
d i r e c t i o n  (and m a g n e t iz in g  d i r e c t i o n )  i n c r e a s e s ,  th e  m a g n e t o s t r i c t i o n  i s  
no lo n g e r  a d e q u a te ly  d e s c r ib e d  by e q u a t io n  (A ). A second te rm  must be 
in c lu d e d  to  acco u n t f o r  th e  e l a s t i c  i n t e r g r a n u l a r  a c t i v i t y .
The domain s t r u c t u r e  o f  th e  m agne tized  m a t e r i a l  can be used  to  
q u a l i t a t i v e l y  d i s c u s s  th e  m a g n e t o s t r i c t i o n ^ * ^ ’^ .  The fo rm a t io n  of 
domains i n  a c r y s t a l  r e d u c e s  th e  m agne tic  f r e e  energy  o f  th e  c r y s t a l .  A 
domain, c o n s i s t i n g  o f  a l l  o f  th e  atoms w i th  t h e i r  m agne tic  moments a l ig n e d  
in  th e  same d i r e c t i o n ,  w i l l  grow o r  d im in is h  in  s i z e  th ro u g h  domain
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boundary  m ig r a t i o n  d u r in g  m a g n e t i z a t io n .  In  th e  bcc system  t h e r e  a r e  
b a s i c a l l y  o n ly  two domain boundary  c o ix d i t io n s ,  180° and 9 0° ,  r e p r e s e n t i n g  
th e  change i n  d i r e c t i o n  o f  th e  m agne tic  moment i n  n e ig h b o u r in g  domains 
a c r o s s  a  boundary . During m a g n e t iz a t io n  th e  c r y s t a l  l a t t i c e  i s  deformed 
i n  t h e  d i r e c t i o n  o f  domain m a g n e t iz a t io n  w ith  th o se  domains i n  th e  
d i r e c t i o n  o f  m a g n e t iz a t io n  growing a t  th e  expense of l e s s  fa v o u ra b ly  
o r i e n t e d  dom ains. In  a s i n g l e  c r y s t a l  o r  i n  a p o l y c r y s t a l l i n e  m a t e r i a l  
w i th  an o r i e n t a t i o n  hav ing  [pOl] i n  th e  d i r e c t i o n  of m a g n e t i z a t io n ,  most 
o f  th e  domains w i l l  be a l ig n e d  a lo n g  th e  le n g th  o f  th e  sam ple , s in c e  
tOOl] i s  a d i r e c t i o n  o f  easy  m a g n e t iz a t io n .  T h is  im p l ie s  t h a t  most o f  
th e  domains w i l l  have 180° w a l l s  w i th  a d j a c e n t  domains m agne tized  in  
o p p o s i te  d i r e c t i o n s .  I f  o n ly  180° w a l l s  a r e  p r e s e n t ,  a t  th e  end o f each 
domain a m agne tic  f r e e  p o le  e x i s t s ,  g iv in g  th e  m a t e r i a l  a  h ig h  dem agneti­
z in g  en e rg y .  N in e ty  d e g re e  w a l l s  a t  th e  ends o f  domains xtfith 180° 
b o u n d a r ie s  p e rm i t  th e  d i r e c t i o n  o f  domain m a g n e t iz a t io n  to  change w ith o u t  
a f r e e  p o le  c o n d i t i o n .  C o n s id e r in g  o n ly  th e  180° domain w a l l s ,  th e  
a p p l i c a t i o n  o f  an  e x t e r n a l  f i e l d  c a u se s  th e  domains w i th  m agne tic  moments 
i n  t h e  d i r e c t i o n  o f  m a g n e t iz a t io n  to  grow by domain w a l l  movement a t  th e  
expense  o f  th e  g r a in s  w i th  m agne tic  moments o p p o s i te  to  th e  d i r e c t i o n  o f  
th e  a p p l ie d  f i e l d .  Only a  180° change o f  f l u x  d i r e c t i o n  o c c u rs  and no 
m a g n e to s t r i c t i o n  r e s u l t s .  At h ig h  f l u x  d e n s i t i e s ,  when 90° r o t a t i o n s  
a r e  fo rc e d  and 180° domain w a l l s  t h a t  a r e  n o t  e x a c t ly  i n  th e  d i r e c t i o n  o f  
m a g n e t iz a t io n  a r e  r o t a t e d  i n t o  th e  d i r e c t i o n  o f  m a g n e t iz a t io n ,  w i l l  th e  
m a g n e to s t r i c t i o n  i n c r e a s e .  T h is  e x p la in s  why th e  p l o t  o f  m a g n e to s t r i c t i o n  
v e r s u s  f l u x  d e n s i t y  i s  e i t h e r  e x p o n e n t i a l  o r  h y p e rb o l i c  r a t h e r  th a n  l i n e a r .  
Under AC e x c i t a t i o n  th e  m a g n e to s t r i c t i o n  te n d s  to  be l a r g e r  th a n  i t s  DC 
v a lu e  f o r  th e  same peak f l u x  d e n s i t y  due to  th e  in c re a s e d  e f f e c t i v e n e s s
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o f  th e  90° domain w a l l s .  As th e  v a lu e  o f  th e  m a g n e to s t r i c t i o n  d rops  i n  
a m a t e r i a l ,  t h e  d i f f e r e n c e  betw een AC and DC v a lu e s  becomes n e g l i g i b l e .
A m a t e r i a l  w i th  lox-7 DC m a g n e to s t r i c t i o n  w i l l  have low AC m a g n e t o s t r i c t i o n ;  
and a m a t e r i a l  w i th  ze ro  DC m a g n e to s t r i c t i o n  w i l l  have ze ro  AC magneto­
s t r i c t i o n .
I t  can  be a p p r e c ia t e d  from th e  above d i s c u s s io n  t h a t  as  th e  s i z e  of
th e  domains in c r e a s e s  ( i . e .  th e  number o f  domain w a l l s  d e c r e a s e s )  and as
th e  o r i e n t a t i o n  i s  p e r f e c t e d  and th e  number o f  i n c l u s i o n s ,  im p u r i t i e s  o r
v o id s  (which oppose domain w a l l  m ig ra t io n )  d e c r e a s e s ,  th e  m a g n e to s t r i c t i o n
w i l l  app roach  z e ro  even  a t  r e l a t i v e l y  h ig h  in d u c t io n s .  S e v e ra l  p ap e rs  
9 12 13 14 15have r e p o r te d  » » * » low m a g n e t o s t r i c t i o n  a t  q u i t e  h ig h  in d u c t io n
l e v e l s  i n  b o th  s i n g l e  c r y s t a l  and p o l y c r y s t a l l i n e  S i-F e  a l l o y s .  These 
same r e p o r t s  a l s o  d e m o n s t ra te  th e  dependence o f  m a g n e to s t r i c t i o n  on th e  
d i r e c t i o n  o f  m a g n e t iz a t i o n ,  shape  and s i z e  o f  th e  sample (which a f f e c t  
th e  domain p a t t e r n ) , and g r a in  s i z e  (which a l s o  a f f e c t s  th e  domain 
s t r u c t u r e ) . With a l l  o f  th e s e  dependen t v a r i a b l e s  i t  i s  n o t  s u r p r i s i n g  
t h a t  a  g r e a t  d e a l  o f  v a r i a t i o n  i n  m a g n e to s t r i c t i o n  f o r  sam ples ta k e n  from 
th e  same s h e e t  o f  S i -F e  m a t e r i a l  has  been  found.
No r e f e r e n c e s  have been  found f o r  m a g n e to s t r i c t i o n  m easurem ents  on 
p o l y c r y s t a l l i n e  A l-Fe a l l o y s  w i th  low Al c o n te n t .
I f  n e g l i g i b l e  m a g n e to s t r i c t i o n  were th e  o n ly  re q u ire m e n t  f o r  
e l e c t r i c a l  s t r i p  th e n  b o th  th e  S i-F e  and A l-Fe system s cou ld  s a t i s f y  th e  
need .  The p o l y c r y s t a l l i n e  s a t u r a t i o n  m a g n e to s t r i c t i o n  (assum ing random 
o r i e n t a t i o n )  o f  b o th  a l l o y  system s i s  p l o t t e d  i n  F ig u re  2. A gain f o r  low 
a l l o y  c o n c e n t r a t i o n s  th e  A l-Fe  system  has  low er m a g n e to s t r i c t i o n  th a n  th e  
c o r re s p o n d in g  S i-F e  m a t e r i a l .  These r e s u l t s  were o b ta in e d  from th e  
e q u a t io n ^ ;
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Xp * A /15 (hx) + 2 / 5 (h2 ) (5)
U n f o r tu n a te ly ,  th e  rem a in ing  s t r u c t u r e  s e n s i t i v e  e l e c t r i c a l  and m agne tic  
p r o p e r t i e s  a r e  n o t  c o m p a tib le  w i th  a randomly o r i e n t e d  g r a in  s t r u c t u r e .
B. Power Loss
The power d i s s i p a t e d  i n  a m agne tic  m a t e r i a l  a r i s e s  from two s o u rc e s :
th e  h y s t e r e s i s  l o s s  and th e  eddy c u r r e n t  l o s s .
The m a g n e t i c a l ly  i r r e v e r s i b l e  n a t u r e  o f  a f e r ro m a g n e t ic  m a t e r i a l  g iv e s
r i s e  to  a h y s t e r e s i s  lo o p .  When a  fe r ro m a g n e t ic  m a t e r i a l  i s  m agne tized
by a  f i e l d ,  H, a f l u x  d e n s i t y ,  B , i s  induced  i n t o  th e  m a t e r i a l .  When Hn
i s  r e tu r n e d  to  z e ro  th e  f l u x  d e n s i t y  rem ains  a t  a v a lu e  B^ such t h a t
0 < |Br | < |b r | .  Br  i s  c a l l e d  th e  rem anent m a g n e t iz a t io n  (o r  rem an en ce) ,
and i n  th e  c a s e  where B„ i s  s u f f i c i e n t  to  s a t u r a t e  th e  m a t e r i a l ,  B i sH * r
r e f e r r e d  to  a s  th e  r e t e n t i v i t y .  To r e t u r n  B to  z e ro ,  a m a g n e tiz in g  f i e l d ,  
H, must be a p p l i e d  i n  th e  o p p o s i t e  d i r e c t i o n .  When B = 0 t h i s  v a lu e  of
H d e n o te d ,  H^, i s  c a l l e d  th e  c o e r c iv e  f o r c e ,  o r ,  f o r  s a t u r a t i o n  c o n d i t i o n s ,  
c o e r c i v i t y .  I t  can be se e n  t h a t  i n  one h y s t e r e s i s  c y c l e ,  more energy  i s  
p u t  i n t o  th e  m a t e r i a l  th a n  i s  r e c o v e re d .  T h is  e x c e ss  ene rgy  i s  d i s s i p a t e d  
a s  h e a t  i n  th e  specim en and i s  c a l l e d  th e  h y s t e r e s i s  l o s s ,  WR. The 
m agnitude o f  WR i s  d i r e c t l y  p r o p o r t i o n a l  to  th e  a r e a  o f  th e  h y s t e r e s i s  
lo o p .  The h y s t e r e s i s  l o s s  p e r  c y c l e  i s  assumed to  be in d e p en d en t o f  
f re q u e n c y .
W,h (6)
where
a r e a  o f  h y s t e r e s i s  loop
f freq u en cy
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9Domain w a l l  d is p la c e m e n t  i s  r e s p o n s ib l e  f o r  th e  h y s t e r e s i s  l o s s ,  
and any impediment to  th e  m otion  o f  th e  domain w a l l s  ( i . e .  g r a i n  b o u n d a r ie s ,  
i n c l u s i o n s  and v o id s )  w i l l  i n c r e a s e  th e  h y s t e r e s i s  l o s s .  The c o e rc iv e  
f o r c e ,  Hc , i s  p r o p o r t i o n a l  to  th e  f i e l d  n e c e s s a ry  fo r  a domain w a l l  to  
t r a v e r s e  any im p e r f e c t io n .
The a p p l i c a t i o n  o f  an a l t e r n a t i n g  f i e l d  to  th e  m a t e r i a l  in d u ces  
eddy c u r r e n t s  due to  f l u x  change . The d i r e c t i o n  o f  eddy c u r r e n t  f low  i s  
such  t h a t  th e  seco n d ary  m agne tic  f i e l d  g e n e ra te d  by th e  eddy c u r r e n t s  
opposes  th e  a p p l ie d  f i e l d ;  t h a t  i s ,  th e  eddy c u r r e n t s  f low  p a r a l l e l  to  
th e  s u r f a c e  o f  th e  m a t e r i a l  and p e r p e n d ic u la r  to  th e  d i r e c t i o n  o f  th e  
a p p l i e d  f i e l d .  The h e a t  g e n e ra te d  by eddy c u r r e n t  f low  r e p r e s e n t s  th e  
eddy c u r r e n t  l o s s .  R igorous m a th e m a tic a l  e v a lu a t io n  o f  th e  eddy c u r r e n t  
l o s s  i s  n o t  p o s s i b l e  beca u se  o f  th e  complex n o n l in e a r  r e l a t i o n s h i p  between 
th e  m a g n e t iz in g  f i e l d ,  H, and th e  f l u x  d e n s i t y ,  B, a s  d e te rm in ed  by th e  
h y s t e r e s i s  lo o p .  By making th e  e r ro n e o u s  assum ption  t h a t  th e  p e r m e a b i l i ty  
(y  = B/H) o f  t h e  m a t e r i a l  i s  b o th  c o n s ta n t  and u n ifo rm , i t  i s  p o s s i b l e  
t o  e x p r e s ^  th e  eddy c u r r e n t  l o s s ,  W£ , a s  ;
2 2 2
W -  K. irt B f  (7). e    ---------------
P
where
K = c o n s ta n t  
t  = th i c k n e s s  o f  s t r i p  
B = f lu x  d e n s i t y  
f  = f req u en cy  o f  e x c i t a t i o n  
p = r e s i s t i v i t y
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B ecause o f  th e  assum ptions  made in  d e r iv in g  e q u a t io n  (7) th e  m easured 
eddy c u r r e n t  l o s s  i s  a lw ays g r e a t e r  th a n  th e  p r e d i c t e d  v a l u e .  The 
d i f f e r e n c e  betw een th e  two v a lu e s  i s  r e f e r r e d  to  a s  th e  anomalous l o s s .
The t o t a l  power l o s s ,  W^, i s  th e  sum o f  th e  h y s t e r e s i s  l o s s  ( 6) 
and th e  eddy c u r r e n t  l o s s  ( 7 ) ;
W = W, + W ( 8)p h e
The power l o s s  i s  sometimes r e f e r r e d  to  a s  th e  i r o n  l o s s .  When th e  m a t e r i a l
i s  i n  th e  form o f  a m agne tic  co re  f o r  e i t h e r  a t r a n s fo rm e r  o r  r o t a t i n g
e l e c t r i c a l  a p p a r a tu s ,  th e  power l o s s  i s  r e f e r r e d  to  a s  th e  c o re  l o s s .
When a  s i n g l e  s t r i p  o f  a l lo y e d  m a t e r i a l  i s  b e in g  e v a lu a te d ,  th e  te rm  
power l o s s  i s  most a p p r o p r i a t e .  As th e  o p e r a t in g  f req u en cy  i n c r e a s e s  
th e  eddy c u r r e n t  l o s s  term  becomes i n c r e a s i n g l y  dominant i n  e q u a t io n  ( 8 ) .  
E xam ination  o f  e q u a t io n  (8 ) s u g g e s ts  t h a t  a m a t e r i a l  w i th  th e  fo l lo w in g  
p r o p e r t i e s  w i l l  have th e  lo w es t  power l o s s :
(a) r e l a t i v e l y  h ig h  r e s i s t i v i t y
(b) a  l a r g e  g r a i n  s t r u c t u r e
(c)  a p r e f e r r e d  o r i e n t a t i o n  h av in g  an easy  d i r e c t i o n  o f  m a g n e t iz a t io n
i n  th e  d i r e c t i o n  o f  th e  a p p l i e d  f i e l d
(d) low im p u r i ty  and i n c l u s i o n  l e v e l s
(e)  no i n t e r n a l  s t r a i n s
( f )  a t h i n  s e c t i o n
Some o f  th e s e  p r o p e r t i e s  a r e  a l s o  a p p l i c a b l e  to  th e  r e d u c t io n  o f  magneto­
s t r i c t i o n .
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" H i p e r s i l "  w hich r e p r e s e n t s  abou t th e  b e s t  com m ercia lly  produced  
t r a n s fo rm e r  s t r i p  i s  a 3 .25  p e t .  S i in  Fe a l l o y  s t r i p ,  0 .011  i n .  t h i c k .  
T h is  g r a i n - o r i e n t e d  m a t e r i a l  has  a (110) [OOl] , Goss, t e x t u r e  w i th  an 
av e ra g e  g r a i n  d ia m e te r  of 3 to  5 mm. The power l o s s  (o r  c o re  lo s s )  
a v e ra g e s  abou t 0 .5  w a t t s / l b  w i th  a  p o s i t i v e  l i n e a r  DC m a g n e to s t r i c t i o n  
o f  ab o u t 5 .0  x 10 ^ i n . / i n .  m easured a t  15,000 Gauss. The g r a i n  s i z e  
o f  th e  m a t e r i a l  v a r i e s  from a s  l a r g e  a s  8 mm i n  d ia m e te r  to  o n ly  0 .5  mm. 
T h is  v a r i a t i o n  i n  g r a i n  s i z e  s u g g e s t s  a v a r i a t i o n  i n  th e  d e g re e  o f  o r i e n ­
t a t i o n  and i s  r e f l e c t e d  in  th e  v a r i a b i l i t y  o f  b o th  th e  power l o s s  and 
m a g n e t o s t r i c t i o n ,  which d e v i a t e  from t h e i r  av e ra g e  v a lu e s  by a s  much as  
25 p e t .  Such, a s c a t t e r  i n  th e  c o n s t i t u t i o n  o f  th e  m a t e r i a l  d e m o n s t ra te s  
th e  in f lu e n c e  o f  domain p a t t e r n  and dgmain w a l l  m o tion ,  b o th  o f  which 
a r e  h ig h ly  s t r u c t u r e  s e n s i t i v e .
C. P r e f e r r e d  O r i e n t a t i o n
The fo re g o in g  d i s c u s s io n  has  e s t a b l i s h e d  th e  d e s i r a b i l i t y  o f  a 
p r e f e r r e d  o r i e n t a t i o n .  The Goss t e x t u r e ,  (110) [001] , which i s  th e  on ly
com m ercia lly  developed  t e x t u r e  to  d a t e ,  i s  produced  in  3 p e t .  to  3 .25  p e t .
16 17S i-F e  a l l o y s  by means o f  th e  fo l lo w in g  p ro c e d u re  ’ ;
(a) h o t  r o l l i n g  to  0 .080  i n .  -  0 .100  i n .
(b) c o ld  r o l l i n g  t o  a p p ro x im a te ly  0 .025  in .
(c) s t r e s s  r e l i e f  a n n e a l  i n  th e  ran g e  800°C to  900°C
(d) c o ld  r o l l i n g  to  0 .011  i n .  -  0 .014  in .
(e) s h o r t  d e c a r b u r i z in g  a n n e a l  to  red u ce  carbon  c o n te n t  t o  abou t
0 .005  p e t .  ( r e c r y s t a l l i z e s  th e  m a t e r i a l )
( f )  f i n a l  a n n e a l  o f  s e v e r a l  h o u rs  a t  a p p ro x im a te ly  1200°C to  
p roduce  a Goss t e x t u r e  by secondary  r e c r y s t a l l i z a t i o n
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The f i n a l  c o ld  r e d u c t io n  i s  ab o u t 50 p e t . ,  which has been  sh o w n ^  to  
p roduce th e  minimum power l o s s  v a l u e s .  The y (gamma) loop  in  th e  S i-F e  
ph ase  d iagram  c l o s e s  a t  ap p ro x im a te ly  2 .5  p e t .  S i  so t h a t  a t  co m p o s i t io n s  
above t h i s  S i  c o n t e n t ,  c o o l in g  from a h ig h  te m p e ra tu re  a n n e a l in g  p ro c e s s  
does n o t  cause  a phase  change . The d e fo rm a tio n  t e x t u r e  a f t e r  co ld  
r o l l i n g  i s  m a in ly  ( 100}<011> w i th  m inor components of {112}<110> ,
(111}<110> and (111}<112> p o s s i b l e .  The p r im ary  r e c r y s t a l l i z a t i o n  
t e x t u r e  i s  u s u a l l y  r e l a t e d  to  th e  d e fo rm a tio n  t e x t u r e  by r o t a t i o n s  of 
25° to  35° abou t {11(J p o le s .  The rem a in ing  components o f  t h e  p rim ary  
r e c r y s t a l l i z a t i o n  t e x t u r e  can be r e l a t e d  to  r o t a t i o n s  abou t {100} p o l e s .
The Goss t e x t u r e  grows from any o f  th e s e  t e x t u r e s  by seco n d ary  r e c r y s t a l ­
l i z a t i o n  p ro v id ed  t h a t  p r im ary  g r a i n  growth i s  i n h i b i t e d  e i t h e r  by th e  
specim en th i c k n e s s  e f f e c t  o r  by i n c l u s i o n s .  I n  some c a s e s ^  th e  p re s e n c e
o f  i n c l u s i o n s  i s  n e c e s s a ry  f o r  secondary  r e c r y s t a l l i z a t i o n  to  o c c u r .
1 ft IQ 90 91 99The o th e r  t e x t u r e  t h a t  h a s  been  developed  » > » » i s  (-|ie  cube
t e x t u r e ,  ( 100) [ 00 i ]  , w hich grows ou t o f  th e  same p rim ary  r e c r y s t a l l i z a ­
t i o n  t e x t u r e ,  p ro v id e d ,  a g a in ,  t h a t  p rim ary  g r a in  growth h as  been i n h i b i t e d .  
The th i c k n e s s  e f f e c t  i s  th e  i n h i b i t i n g  mechanism in  th in -g a u g e  m a t e r i a l  
w hich r e c r y s t a l l i z e s  to  th e  cube t e x t u r e .  (A t h i r d  t e x t u r e  known a s  th e  
L i t tm ann  t e x t u r e ,  a p p ro x im a te ly  {120}<001> , h a s  r e c e iv e d  l i t t l e  a t t e n t i o n . )  
The cube t e x t u r e ,  which t o  d a t e  h as  been  l i m i t e d  to  l a b o r a to r y  p r o d u c t io n ,  
has  b e t t e r  m agne tic  p r o p e r t i e s  p e r p e n d ic u la r  to  th e  r o l l i n g  d i r e c t i o n  
than the Goss texture.
V ui • U .1 7 ,1 8 ,2 0 ,2 2 ,2 3 ,2 7  t  „Many p a p e rs  have been  p u b l i s h e d  to  show t h a t
minimum s u r f a c e  energy  i s  th e  d r iv i n g  f o r c e  f o r  secondary  r e c r y s t a l l i z a t i o n
and t h a t  th e  s u r f a c e  energy  c o n d i t io n s  a r e  a f f e c t e d  by v a r i a t i o n s  in
fu rn a c e  a tm osphere ,  t e m p e ra tu r e ,  h e a t in g  r a t e ,  sample c o m p o s i t io n ,  and
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i n c l u s i o n  c o n te n t  i n  th e  sam ple .  O r i e n t a t i o n s  which have a minimum s u r f a c e
energy  under a  g iv e n  s e t  o f  th e  above c o n d i t io n s  w i l l  g r o w . ‘ I n  a  h ig h
p u r i t y  a tm osphere  ( i n e r t  o r  re d u c in g )  o r  i n  a  vacuum, th e  {110} p la n e s
have th e  lo w e s t  s u r f a c e  en e rg y .  A d so rp t io n  o f  im p u r i ty  atoms from th e
a tm o sp h ere ,  which ten d  to  d e c r e a s e  th e  s u r f a c e  en e rg y ,  have a  g r e a t e r
e f f e c t  on th e  {100} p la n e s  th a n  on th e  {110} p la n e s ;  t h u s ,  under impure
a n n e a l in g  c o n d i t io n s  th e  cube t e x t u r e  i s  f a v o u re d .  I f  to o  impure an
a tm osphere  i s  u se d ,  g r a i n  grow th w i l l  be i n h i b i t e d  c o m p le te ly .  T h is
24e f f e c t  can be overcome by in c r e a s in g  th e  a n n e a l in g  te m p e ra tu re
25A p a p e r  by Kochnov and G o l 'd s h te y n  drew s e v e r a l  s i g n i f i c a n t  
c o n c lu s io n s ;
(a )  The c o u rse  o f  p r im ary  r e c r y s t a l l i z a t i o n  i s  n o t  a f f e c t e d  by th e  
d e g re e  o f  d e fo rm a t io n  ( a l th o u g h  th e  t e x t u r e  t h a t  d ev e lo p s  w i l l  
change as  th e  amount o f  d e fo rm a t io n  i s  a l t e r e d ) .
(b) The d eg ree  o f  d e fo rm a t io n  h as  a c o n s id e r a b le  e f f e c t  on th e  
s t a r t i n g  te m p e ra tu re  o f  secondary  r e c r y s t a l l i z a t i o n .
(c) Furnace a tm osphere  does n o t  in f l u e n c e  p r im ary  r e c r y s t a l l i z a t i o n  
p ro v id e d  t h a t  i t  i s  p r o t e c t i v e .
Under i n d u s t r i a l  c o n d i t io n s  (hydrogen  atm osphere  w i th  some i m p u r i t i e s )  
i n  which a Goss t e x t u r e  d e v e lo p s ,  g r a in s  w i th  a (1 1 0 ) [OOl] o r i e n t a t i o n  
a r e  th e  f i r s t  to  n u c l e a t e  d u r in g  p r im ary  r e c r y s t a l l i z a t i o n  and by th e  
tim e t h a t  p r im ary  r e c r y s t a l l i z a t i o n  h as  been  com pleted th e y  a r e  two to  
t h r e e  t im e s  th e  s i z e  o f  th e  av e ra g e  r e c r y s t a l l i z e d  g r a i n .  P ro c e s s e s  t h a t  
r e q u i r e  more th a n  one co ld  r e d u c t io n  have a  b e t t e r  chance o f  p roduc ing  
( 110) {poi] p r im ary  r e c r y s t a l l i z e d  g r a i n s  becau se  a g r a i n  w i th  t h i s  
o r i e n t a t i o n  when c o ld  r o l l e d ,  r e c r y s t a l l i z e s  to  th e  same o r i e n t a t i o n .
Most s t r e s s  r e l i e f  a n n e a l in g  t r e a tm e n ts  a r e  s u f f i c i e n t l y  above th e
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p r im ary  r e c r y s t a l l i z a t i o n  te m p e ra tu re  (a p p ro x im a te ly  575°C) to  p e rm it  
r e c r y s t a l l i z a t i o n  to  t a k e  p l a c e .  Thus, a f t e r  one r o l l i n g  and s t r e s s  r e l i e f  
a n n e a l  a c e r t a i n  amount o f  th e  m a t e r i a l  w i l l  have r e c r y s t a l l i z e d  to  
(1 1 0 ) [OOl] . The second r e d u c t io n  and r e c r y s t a l l i z a t i o n  w i l l  p roduce 
a d d i t i o n a l  (1 1 0 ) [OOfJ o r i e n t e d  g r a in s  w i th o u t  th e  l o s s  o f  th o se  produced  
w i th  th e  f i r s t  r o l l i n g .  P rim ary  g r a in s  w i th  t h i s  o r i e n t a t i o n  a c t  as
seco n d ary  r e c r y s t a l l i z a t i o n  n u c l e i  f o r  th e  developm ent o f  Goss t e x t u r e .
24Walker and Howard developed  a Goss tex tv ire  in  3 .25  p e t .  S i-F e  
s t r i p  u s in g  pow ders. The p u re  m e ta l  powders were mixed and com pacted. 
S i n t e r i n g  te m p e ra tu re s  and th e  dew poin t o f  th e  s i n t e r i n g  a tm osphere  were 
v a r i e d .  A f te r  s i n t e r i n g ,  a l l  sam ples were s u b je c te d  to  th e  same r o l l i n g  
s c h e d u le  and f i n a l  a n n e a l .  F ig u re  3 ,  which i s  ta k en  from t h e i r  r e s u l t s ,  
i l l u s t r a t e s  t h a t  th e  developm ent o f  seco n d ary  r e c r y s t a l l i z a t i o n  to  th e  
Goss t e x t u r e  i s  dependen t on th e  m o is tu r e  c o n te n t  o f  th e  s i n t e r i n g  
a tm osphere  and t h a t ,  g e n e r a l l y ,  an in c r e a s e  i n  m o is tu re  c o n te n t  i s  r e ­
q u i r e d  f o r  secondary  r e c r y s t a l l i z a t i o n  a s  t h e  s i n t e r i n g  te m p e ra tu re  i s  
r a i s e d .  The minimum secondary  r e c r y s t a l l i z a t i o n  te m p e ra tu re  was 
a p p ro x im a te ly  1100°C. T h is  i s  i n  agreem ent w i th  th e  c o n d i t io n s  f o r  
o x id a t io n  o f  s i l i c o n  in  m o is t  hydrogen  and s u g g e s ts  t h a t  s i l i c a  a c t s  as  
th e  i n h i b i t o r  o f  p rim ary  g r a in  g row th , hence  p e r m i t t in g  secondary  
r e c r y s t a l l i z a t i o n  to  o ccu r  d u r in g  f i n a l  a n n e a l in g .  Assuming t h a t  
s econdary  r e c r y s t a l l i z a t i o n  b e g in s  a t  a te m p e ra tu re  s u f f i c i e n t l y  h igh  
f o r  th e  d e c o m p o s i t io n  o r  d i s s o l u t i o n  o f  d i s p e r s e d  i n c lu s io n s  i t  would 
fo l lo w  t h a t  a  low er i n c l u s i o n  c o n te n t  would be found i n  m a t e r i a l s  w i th  
a Goss t e x t u r e  th an  i n  a randomly o r i e n t e d  m a t e r i a l  o f  th e  same s i l i c o n  
c o n t e n t .  However, t h i s  i s  n o t  th e  c a s e .  The a u th o r s  co n c lu d e  t h a t  th e  
i n h i b i t i n g  s i l i c a  p a r t i c l e s  a r e  so f i n e l y  d i s p e r s e d  as  to  be i n v i s i b l e
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under  th e  o p t i c a l  m ic ro sco p e .  G ra in -c o a r s e n in g  o f  low -ca rbon  s t e e l  t h a t
has  been d e o x id iz e d  w ith  aluminum and an n ea led  above A „ i s  used asc3
c i r c u m s t a n t i a l  ev id en ce  f o r  such a c o n c lu s io n .
26The same a u th o r s  (Walker and Howard ) a l s o  developed  a cube t e x t u r e
i n  a 3 .25  p e t .  S i -F e  a l l o y  p re p a re d  from powders. A Goss t e x tu r e d  m a t e r i a l
was reduced  85 p e t .  by co ld  r o l l i n g ,  and an n ea led  a t  a p p ro x im a te ly  900°C
i n  p u re  hydrogen . As th e  o r i g i n a l  Goss t e x t u r e  im proved, th e  f i n a l  cube
t e x t u r e  d e t e r i o r a t e d .
The A l-F e  phase  d iagram  f o r  low aluminum c o n t e n t ,  shown i n  F ig u re  A,
i s  v e ry  s i m i l a r  t o  th e  S i-F e  phase  d iag ram . The c l o s i n g  o f  th e  y  loop
a t  a p p ro x im a te ly  1 p e t .  Al means t h a t  f o r  a l l o y s  w i th  more th a n  1 p e t .  Al
h ig h  te m p e ra tu re  a n n e a l in g  i s  p o s s i b l e  w i th o u t  a l l o t r o p i c  t r a n s f o r m a t io n s
o c c u r r in g  on c o o l in g .
The c o ld  r o l l i n g  t e x t u r e s  o f  A l-Fe a l l o y s  a r e  s i m i l a r  to  th o s e  o f  
27 28S i-F e  ’ . I t  sh o u ld ,  t h e r e f o r e ,  be  p o s s i b l e  to  deve lop  a Goss t e x t u r e
29 30i n  A l-Fe a l l o y s .  B ozorth  e t  a l  and F o s t e r  and P a v lo n ic  have developed
cube t e x t u r e  i n  a 3 p e t .  Al i n  Fe a l l o y .
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A. P ro d u c t io n  and P ro c e s s in g  o f  S t r i p
A s e r i e s  o f  i r o n  (99 p e t .  Fe; 0 .01  p e t .  C; 0 .14 p e t .  Mn) aluminum 
(9 9 .5  p e t .  A l; 0 .5  p e t .  Fe and S i)  a l l o y s  c o n ta in in g ,  n o m in a l ly ,  1 p e t . ,
2 p e t . ,  3 p e t .  and 4 p e t .  by w e ig h t o f  aluminum were mixed from th e  pure  
m e ta l  powders i n  b a tc h e s  o f  a p p ro x im a te ly  100 grams by m o r ta r  and p e s t l e .  
The T y le r  s c r e e n  a n a ly s e s  o f  th e  powders a r e ;
F e ( p c t . )  A l ( p c t . )
On 100 mesh 1 .9  1
On 150 mesh 16 .2  1
On 200 mesh 22 .5  6
On 250 mesh 7 .5
On 270 mesh 6
On 325 mesh 24 .5  11
Through 325 mesh 27 .4  75
From th e s e  mixes and from th e  " p u re"  i r o n  powder, 13-gram sam ples were 
compacted a t  80 ,000 p s i  in  a  H a l l e r  d ie  -  D1002. A l l  com pacts were 
s i n t e r e d  f o r  tw elve  h o u rs  a t  1300°C in  a p r e p u r i f i e d - g r a d e  hydrogen 
a tm osphere  (Dewpoint -50°C ; C>2 <3 ppm). The d im ensions  o f  th e  s i n t e r e d  
m a t e r i a l  were 1 .25  in .  x 0 .5  i n .  x 0 .185  i n .  *0.010 in .  -  th e  f i n a l  
d im ension  b e in g  th e  t h i c k n e s s .  The f i r s t  co ld  r e d u c t io n  o f  from 50 p e t .
16
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to  55 p e t .  was perform ed  on a l i g h t l y  l u b r i c a t e d ,  tw o -h ig h ,  2 .25  i n .  
d ia m e te r  hand r o l l .  The e d g e s ,  which s u f f e r e d  some c r a c k in g ,  w ere trimmed 
on a c u t - o f f  saw b e f o r e  th e  sam ples r e c e iv e d  a 15 m inute  s t r e s s  r e l i e f  
a n n e a l  a t  900°C under p r e p u r i f i e d - g r a d e  hydrogen . F in a l  c o ld  r o l l i n g  
on th e  same m i l l  to  0 .011  i n .  *0.001 i n .  (93 p e t .  to  95 p e t .  t o t a l  
r e d u c t io n )  produced  a s t r i p  a p p ro x im a te ly  1 i n .  wide by 8 i n .  lo n g .  No 
edge c ra c k in g  was e x p e r ie n c e d  i n  th e  f i n a l  co ld  r e d u c t io n .  By g r in d in g  
th e  ends o f  th e  sam ples to  a s l i g h t l y  o v a l  shape a f t e r  th e  f i r s t  co ld  
r e d u c t io n ,  th e  m a t e r i a l  cou ld  be r o l l e d  i n t o  a s t r a i g h t  s t r i p .
F i n a l  a n n e a l in g  was c a r r i e d  ou t f o r  tw elve  hours  a t  te m p e ra tu re  -  
e i t h e r  1200°C o r  13’00°C under p r e p u r i f  ie d -g r a d e  hydrogen . The s t r i p s  
were i n s u l a t e d  from one a n o th e r  w i th  a f i n e  alum ina pow’d e r  w i th  a maximum 
o f  s i x  s t r i p s  an n ea led  a t  once -  th e  top  s t r i p  b e in g  a  dummy sample to  
p r e v e n t  w arping  o f  th e  t e s t  sam ples and to  e n su re  t h a t  each  t e s t  sample 
was exposed to  th e  same a tm o sp h e r ic  c o n d i t i o n s .  T h is  long  a n n e a l in g  
tim e was used  in  o rd e r  to  improve hom ogeneity  and a c h ie v e  th e  l a r g e s t  
g r a in  s i z e  p o s s i b l e .  While com mercial g r a i n - o r i e n t e d  m a t e r i a l  h as  a 
r e l a t i v e l y  sm a ll  g r a i n  s i z e ,  by en co u ra g in g  s u b s t a n t i a l  g r a i n  growth i t  
can be d e te rm ined  w hether o r  n o t  a p r e f e r r e d  o r i e n t a t i o n  i s  d e v e lo p in g .
I f  an o r i e n t a t i o n  i s  found , th e  g r a i n  s i z e  can be reduced  by s h o r te n in g  
th e  tim e a t  te m p e ra tu re .
On h e a t i n g ,  th e  fu rn a c e  reac h ed  1200°C in  a p p ro x im a te ly  two and one 
h a l f  h o u rs  w i th  an a d d i t i o n a l  hour n e c e s s a ry  to  a t t a i n  1300°C. From 
e i t h e r  te m p e ra tu re  i t  r e q u i r e d  o n ly  ab o u t tw enty  m inu tes  to  co o l  to  1000°C 
w i th  an added tim e o f  t h r e e  h o u rs  to  drop  to  400°C. The sam ples were th en  
p u l l e d  from th e  h o t  zone and a l low ed  to  co o l  to  below 100°C b e f o r e  b e ing  
exposed to  th e  a i r .
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Even w i th  th e  r e l a t i v e l y  pu re  a tm osphere  used  an o x id e  c o a t  formed 
on th e  sam p les .  In  most c a s e s  i t  was f a i r l y  u n ifo rm . B efo re  power l o s s  
and m a g n e to s t r i c t i o n  measurem ents were ta k e n ,  t h i s  o x ide  was removed 
w i th  c o n c e n t r a te d  HC1.
For co m p ara tiv e  p u rp o ses  a few sam ples were g iven  f i n a l  a n n e a l in g  
t r e a tm e n t s  o f  s i x  h o u rs  a t  900°C and t h r e e  h ou rs  a t  1100°C. Wet chem ica l 
a n a l y s i s  o f  a  r e p r e s e n t a t i v e  p o r t i o n  o f  th e  sam ples was made to  d e te rm in e  
th e  e x a c t  aluminum c o n te n t .
Power l o s s  measurements were made on each  s t r i p ,  th e n  th e  s t r a i n  
gauges were a t t a c h e d  and DC m a g n e t o s t r i c t i o n  v a lu e s  were d e te rm in e d .  The 
sam ples  were c u t  f o r  X -ray  s t u d i e s  fo l lo w in g  th e s e  m easurem ents .  S e p a ra te  
sam ples were used  f o r  th e  m ech an ica l  t e s t s .
B. Measurement o f  M agnetic  P r o p e r t i e s
1 . DC M a g n e to s t r i c t i o n
31 32I n  r e c e n t  y e a r s  s e v e r a l  ty p e s  o f  appara tu s  have been  s u g g e s te d  ’ 
f o r  m easuring  m a g n e t o s t r i c t i o n ,  a l l  o f  w hich r e q u i r e  th e  u se  o f  more th a n  
one s t r i p  f o r  a  s i n g l e  m easurem ent. T h is  f a c t  a lo n e  makes them u n s u i t a b l e  
f o r  ou r e x p e r im e n ts .  With th e  e x c e p t io n  o f  an o p t i c a l  l e v e r  a p p a r a tu s ,  
w hich i s  o f  l i m i t e d  a c c u ra c y ,  th e  s t r a i n  gauge te c h n iq u e  ( o r i g i n a l l y  
in t ro d u c e d  by J .E .  Goldman i n  1947) i s  th e  o n ly  method p e r m i t t i n g  e v a lu a ­
t i o n  o f  a  s i n g l e  s t r i p  o f  m a t e r i a l .  The a p p a ra tu s  and c a l c u l a t i o n s  as
33o u t l i n e d  i n  W estinghouse R esearch  R ep o r t  64-141-450-R2 have been  ad ap ted  
to  s u i t  ou r r e q u i re m e n ts .
F ig u re  5 i l l u s t r a t e s  th e  m ag n e tic  c i r c u i t  u sed .  The specim en under 
t e s t  was p la c e d  between th e  two "C" m agnets w i th  th e  a i r  gap s e t  a t  a 
minimum w id th  to  a l lo w  f r e e  movement o f  th e  specim en. A non-m agne tic  
s t a i n l e s s  s t e e l  s t r i p  was mounted j u s t  b e n e a th  th e  magnet and a s t r a i n
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gauge mounted on each s id e  o f  each s t r i p .  F ig u re  24 shows th e  a c t u a l  
a p p a r a tu s .  F ig u re  6 i l l u s t r a t e s  th e  e l e c t r i c a l  c i r c u i t .  The gauges 
were connec ted  to  form a W heatstone b r id g e .  The gauges on th e  sample 
(Rl and R3) formed one p a i r  o f  o p p o s i te  b r id g e  arms t h a t  com pensated f o r  
any bending  s t r e s s e s  i n  t h e  sam ple , w h i le  th e  o th e r  arms o f  th e  b r id g e  
(R2 and Rtt) on th e  s t a i n l e s s  s t e e l  s t r i p  compensated f o r  any d i f f e r e n t i a l  
ex p an s io n  betw een th e  gauges and th e  t e s t  s t r i p .  By p la c in g  th e  gauges 
f a i r l y  c l o s e  t o g e t h e r ,  u s in g  te m p e ra tu re  compensated gauges ,  h av in g  a 
magnet whose c r o s s - s e c t i o n  was much l a r g e r  th a n  t h a t  o f  th e  s t r i p  ( i . e .  
n e g l i g i b l e  h e a t in g  o f  th e  magnet a t  h ig h  in d u c t io n  l e v e l s  o f  th e  s t r i p ) , 
and c o v e r in g  th e  magnet to  e l im i n a t e  am bient te m p e ra tu re  ch an g e s ,  t h e r e  
was i n s i g n i f i c a n t  b r id g e  im balance due to  th e rm a l  e f f e c t s .
For b r id g e  b a la n c in g  and c a l i b r a t i o n  a  p o te n t io m e te r  was p a r a l l e l e d  
w i th  one o f  th e  b r id g e  arm s. The b r id g e  was fed  by a m ercury c e l l  and th e  
n u l l  d e t e c t o r  was a H ew le tt  Packard  419A DC N u ll  V o ltm e te r .
The in d u c t io n  l e v e l  in  th e  t e s t  specim en was de te rm ined  by p la c in g  
a  100 t u r n  a i r - g a p  compensated s e a rc h  c o i l  around th e  sample and c a l i b r a t i n g  
i t  a g a i n s t  a Pye Scalamp F luxm eter  ( c a t .  no . 8834 ) .  The DC m a g n e to s t r i c t i o n  
was m easured a t  15,000 Gauss. The f i e l d  s t r e n g t h  d id  n o t  v a ry  a p p r e c ia b ly  
a lo n g  th e  le n g th  o f  th e  s t r i p .  A l l  l e a d s  wTe r e  tw is te d  and s h ie ld e d  where 
p o s s i b l e .
The m a g n e to s t r i c t i o n  was d e te rm in ed  by u s in g  th e  fo rm u la ;
d l  = Ri . dR^ ( i n . / i n . )  (9)
1  2 
2(GFi) Rb
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where
d l /1  <= m a g n e to s t r i c t i o n  a long  th e  le n g th  o f  th e  sample ( i n . / i n . )  
Rj = s t r a i n  gauge r e s i s t a n c e  (ohms)
GFi = gauge f a c t o r  o f  s t r a i n  gauge
R^ = p o te n t io m e te r  s e t t i n g  (ohms)
dR^ = AR = change i n  p o te n t io m e te r  f o r  b r id g e  b a la n c e  (ohms)
The developm ent o f  t h i s  fo rm ula  a p p e a rs  i n  Appendix A.
Using M icro-M easurem ents P r e c i s i o n  S t r a i n  Gauges (EA-06-500BH-120), 
which have a nom inal r e s i s t a n c e  o f  120 ohms and a gauge f a c t o r  of 
a p p ro x im a te ly  2 .1 ,  e q u a t io n  (9) re d u c e s  to ;
d l / 1  = 28.5(AR/R ) ( i n . / i n . )  (10)
b
The fo l lo w in g  e x p e r im e n ta l  p ro c e d u re  was employed.
1. With th e  m ercury c e l l  c o n n e c te d ,  th e  b r id g e  was b a la n c e d  u s in g  
R^ and th e  v a lu e  o f  R^ was n o te d .
2. The magnet was e n e rg iz e d  and th e  c u r r e n t  a d ju s te d  to  g iv e  th e  
r e q u i r e d  f l u x  d e n s i t y .  The power was tu rn e d  o f f .
3. The sample was dem agnetized  u s in g  60 cps in  th e  magnet w i th  an 
o s c i l l o s c o p e  s e rv in g  as  a n u l l  d e t e c t o r .  Complete d e m a g n e t iz a t io n  
was ach ie v e d  when th e  b r id g e  b a la n c e d  w i th o u t  chang ing  R^.
4 . The magnet was a g a in  e n e rg iz e d  and th e  b r id g e  r e b a la n c e d  w ith  R^.
5. Using AR, th e  d i f f e r e n c e  in  R^ b e f o r e  and a f t e r  m a g n e t iz a t io n  
o f  th e  sam ple , and R^, th e  av e ra g e  v a lu e  o f  th e  p o te n t io m e te r  
b e fo r e  and a f t e r  m a g n e t iz a t i o n ,  th e  m a g n e to s t r i c t i o n  of th e  
sample was c a l c u l a t e d  by e q u a t io n  ( 10) .
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6 . The d i r e c t i o n  o f  m a g n e t iz a t io n  of th e  sample was r e v e r s e d  and
th e  r e a d in g  vras ta k en  a g a in .  The ave rage  v a lu e  o f  d l / 1  was u sed .
7. The p o l a r i t y  of th e  m a g n e to s t r i c t i o n  was de te rm ined  by u s in g  a
Baldwin Lima H am ilton  SR-4 S t r a i n  I n d i c a t o r  Type N in  c o n ju n c t io n  
w i th  a  Baldwin Lima H am ilton  Sw itch ing  and B a lan c in g  U n i t .  While 
th e s e  in s t ru m e n ts  cou ld  m easure th e  s t r a i n  i n  on ly  one gauge a t
a t im e ,  by m a g n e t iz in g  th e  sample above i t s  s a t u r a t i o n  v a l u e ,  th e  
p o l a r i t y  cou ld  be d e te rm in e d .  T h is  method assumed o n ly  t h a t  th e  
fo rc e d  m a g n e to s t r i c t i o n  was o f  th e  same p o l a r i t y  a s  th e  s a t u r a t i o n  
m a g n e t o s t r i c t i o n .  T h is  i s  always th e  c a s e .
_7
The a p p a ra tu s  has  a s e n s i t i v i t y  o f  b e t t e r  th an  1 x 10 i n . / i n .
2 . Power Loss
The ASTM s ta n d a rd  c o re  l o s s  t e s t  (A-34) r e q u i r e s  th e  u se  o f  many 
E p s te in  s t r i p s  (3 cm x 30 cm) from th e  same sample in  o rd e r  t o  e v a lu a te  
th e  m a t e r i a l .  As our sam ples a r e  to  be e v a lu a te d  i n d i v i d u a l l y ,  a n o th e r  
method must be u sed .  The p r a c t i c e  o f  w inding a s in g l e  s t r i p  i n t o  a c o i l  
b e f o r e  f i n a l  a n n e a l in g ,  th u s  c r e a t i n g  a m agne tic  co re  on which power l o s s  
measurements can be made, i s  n o t  s u i t a b l e  s in c e  we w ish  t o  ta k e  
m a g n e to s t r i c t i o n  r e a d in g s  on th e  same sam ples .
The t r a n s i e n t  h e a t i n g  cu rve  method a s  d e s c r ib e d  i n  W estinghouse
34R esearch  R eport 10-0604-1-R4 was employed.
The power d i s s i p a t e d  in  a specim en i s  de te rm ined  by th e  t r a n s i e n t  
h e a t in g  cu rv e  produced  when a m agne tic  f i e l d  i s  tu rn ed  on and o f f .  The 
e l e c t r i c a l  c i r c u i t  f o r  th e  measurement o f  te m p e ra tu re  change i s  shown in  
F ig u re  7. The th e rm o co u p le s ,  0 .005  i n .  c o p p e r - c o n s ta n ta n  w i r e ,  which 
have an o u tp u t  o f  41 y v o l t s  p e r  °C, are. made by sim ply  t w i s t i n g  w ire s  
t o g e t h e r ,  due to  th e  f a c t  t h a t  h e a t in g  by flam e o r  w eld ing  b re a k s  th e
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copper  w i r e .  The therm ocouple  i s  c u t  to  th e  s m a l le s t  s i z e  p o s s i b l e  to  
a v o id  c r e a t i n g  a  l a r g e  th e rm a l m ass .  Condenser p a p e r ,  0 .001  i n .  t h i c k ,  
i s  u sed  to  e l e c t r i c a l l y  i n s u l a t e  th e  therm ocoup les  from th e  s t r i p  w h ile  
m a in ta in in g  good th e rm a l  c o n t a c t .  By s u b t r a c t in g ,  th e  v o l t a g e  o u tp u t  of 
th e  room te m p e ra tu re  therm ocoup le  which i s  p la c e d  in  th e  v i c i n i t y  o f  
th e  s t r i p ,  th e  a m p l i f i e d  s i g n a l  i s  j u s t  t h a t  of th e  te m p e ra tu re  r i s e  i n  
th e  sam ple . A H ew le tt  Packard  419A DC N u ll  V o ltm e te r  was used  a s  th e
a m p l i f i e r  o f  F ig u re  7 ,  and i t  fe d  a 33-01-06  Bausch and Lomb L ab o ra to ry
R eco rd e r .  The same m agne tic  c i r c u i t  as  d e s c r ib e d  f o r  th e  m a g n e to s t r i c t i o n  
m easurem ents was used w i th  60 cps power.
The peak  in d u c t io n  l e v e l  i n  th e  sample was de te rm in ed  w i th  th e  
c i r c u i t  o f  F ig u re  8 , u s in g  th e  fo l lo w in g  e q u a t io n ;
8Gauss/mm def  = (CR/N2 A) x 10 x volts/m m  (11)
where
C = c a p a c i t a n c e  ( f a r a d s )
R = r e s i s t a n c e  (ohms)
N2 = t u r n s  in  s e a r c h  c o i l
2A = c r o s s - s e c t i o n a l  a r e a  o f  sample (cm )
volts /m m  = o s c i l l o s c o p e  ran g e  s e t t i n g
See Appendix B f o r  th e  developm ent o f  t h i s  fo rm u la .  S u b s t i t u t i n g  i n  (1 1 ) ;
C = 4 .9  y f a r a d s
R = 130.0  ohms
N = 1 0  tu r n s
o s c i l l o s c o p e  s e t t i n g  = .01  volts/m m
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we o b ta in ;
Gauss/mm d e f  = 63.7/A(cm^) (12)
E q u a t io n  (12) was used to  d e te rm in e  a peak f l u x  d e n s i t y  o f  15,000 Gauss. 
The specim en can be shown to  obey th e  h e a t  f low  e q u a t io n ;
2
P + KV 0 -  c p ( 9 0 /3 t )  (13)
a t  a l l  t im e s ,  where
P = power g e n e ra te d  p e r  u n i t  volume in  specim en ( c a l / c c  - s e c )  
K = th e rm a l c o n d u c t iv i t y  o f  specim en (c a l /c m -se c -°C )  
c = s p e c i f i c  h e a t  o f  specim en (cal/gm -°C ) 
p = d e n s i t y  of specimen (gm/cc )
0 = te m p e ra tu re  o f  specimen (°C)
t  = tim e (sec )
T h is  e q u a t io n  i s  e v a lu a te d  f o r  a  r e c t a n g u l a r  specimen by a p p ly in g  th e  
boundary c o n d i t io n s  f o r  a s p h e re  o f  a p p ro x im a te ly  th e  same volume. In  
do ing  s o ,  th e  fo l lo w in g  r e s u l t s  were o b ta in e d .  Assuming p e r f e c t  o r  n e a r  
p e r f e c t  i n s u l a t i o n  o f  th e  sample un d er  n o n - s t e a d y - s t a t e  c o n d i t i o n s ;
P = c p [9 9 |  ( c a l / c c - s e c )  (1.4)
btl t o
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where
361 
3 t  t
i n i t i a l  s lo p e  o f  t r a n s i e n t  h e a t in g  cu rve  ( C /sec )  
( s e e  F ig u re  9)
With im p e r fe c t  i n s u l a t i o n  and n o n - s t e a d y - s t a t e  c o n d i t io n s ;
P = cp m .\ _ -  m  +atjti latjti
( c a l / c c - s e c ) (15)
where
r>-Ut l t !
Httin) -
s lo p e  o f  t r a n s i e n t  h e a t in g  curve  j u s t  b e f o r e  m agne tic
f i e l d  i s  removed (°C /sec )  ( see  F ig u re  9)
t
s lo p e  o f  t r a n s i e n t  h e a t in g  curve  j u s t  a f t e r  m agne tic
f i e l d  i s  removed (°C /se c )  (see  F ig u re  9)
Using th e  fo l lo w in g  v a l u e s ;
1 c a l o r i e  = 4 .184  x 10 e rg s
1 gram = 2 .204  x 10 ^ lb
_7
e r g s / s e c  x 10 = w a t t s
th e  power l o s s ,  P, from e q u a t io n  (14) and e q u a t io n  (15) can  be ex p re s se d  
a s ;
p = 1 .90  x io  x c / a jy
U t j t
( w a t t s / l b ) (16)
o r
P = 1 .90  x 10J x c
I E :  1
- ' 3 9 ,  +
a t j t i
( w a t t s / l b ) (17)
As our  sam ples were n o t  i n s u l a t e d ,  e q u a t io n  (17) i s  th e  more a p p l i c a b l e .  
However, as  th e  assumed boundary c o n d i t io n s  can h a r d ly  b e  c o n s id e re d  
e q u iv a le n t  to  th e  t h i n  s t r i p  o f  m a t e r i a l ,  i t  was no t  exp ec ted  t h a t  th e
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power l o s s  r e a d in g s  would be a c c u r a t e .  In d eed ,  th ey  were n o t .  D i f f i c u l t y  
a r o s e  f i r s t  i n  d u p l i c a t i n g  th e  c o o l in g  cu rve  o f  th e  sam p les .  While th e  
h e a t in g  cu rv e  d u p l i c a te d  v e ry  w e l l ,  th e  l o s s  o f  h e a t  from th e  sample 
a f t e r  th e  m agne tic  f i e l d  was removed v a r i e d  from one ru n  to  a n o t h e r ,  y i e l d i n g  
a v a r i a b l e  s lo p e .  I t  was d e c id e d ,  t h e r e f o r e ,  to  employ e q u a t io n  (16) 
w hich used  o n ly  th e  r e p r o d u c ib le  p a r t  o f  th e  t im e - te m p e ra tu re  re s p o n s e .  
Appendix C d i s c u s s e s  th e  d e r i v a t i o n  and a p p l i c a b i l i t y  o f  t h i s  e q u a t io n .
Samples whose power l o s s  had been  m easured by th e  ASTM s ta n d a rd  method 
were e v a lu a te d  u s in g  e q u a t io n  (1 6 ) .  The r e s u l t s  o f  t h i s  e v a l u a t i o n  a r e  
l i s t e d  in  T ab le  1 and p l o t t e d  in  F ig u re  10.
Tab le  1 C a l i b r a t i o n  Power Loss a t  60 cps  and 15,000 Gauss (peak)
M a te r i a l  Average ASTM Average Recorded Min. Recorded Max. Recorded 
Power Loss Power Loss Power Loss Power Loss
( w a t t s / l b )  ( w a t t s / l b )  ( w a t t s / l b )  ( w a t t s / l b )
1 0 .5 1  1 .35  1 .20  1 .50
2 1 .70  5 .75  5 .50  6 .00
3 A .15 1 8 .5  15 22
F ig u re  10 se rv ed  as  a c a l i b r a t i o n  c h a r t  f o r  th e  power l o s s  m easurem ents. 
The s c a t t e r  i n  th e  r e s u l t s  in c r e a s e d  w i th  in c r e a s e d  l o s s e s .  P ro v id ed  
t h a t  th e  power l o s s  was l e s s  th a n  ab o u t 2 .0  w a t t s / l b  th e  g raph  cou ld  be 
used  w i th  r e a s o n a b le  a c c u ra c y .  The m a t e r i a l s  l i s t e d  in  T ab le  1 and 
d e s c r ib e d  below were not of our production.
M a te r i a l  1 i s  " H i p e r s i l " ,  0 .011  i n . ,  s t r i p  which i s  g r a i n - o r i e n t e d
3 .25  p e t .  s i l i c o n  a l l o y .
M a te r i a l  2 i s  a 0 .018  i n .  s t r i p  of 1 .3  p e t .  S i which i s  n o n - o r i e n t e d .
1 5 8 6 3 3
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M a te r i a l  3 i s  a 0 .035 i n .  s t r i p  o f  1 .3  p e t .  S i  which i s  a l s o  non­
o r i e n t e d .
The p ro c e d u re  f o r  d e te rm in in g  th e  power l o s s  can be summarized as  
f o l lo w s :
1 . The a m p l i f i e r  was c a l i b r a t e d  on th e  s c a l e  to  be used by p u t t i n g  
i n  a known DC s i g n a l  and m easuring  th e  o u tp u t .
2 . Power was s u p p l ie d  to  th e  magnet and th e  in d u c t io n  l e v e l  s e t  
u s in g  th e  c i r c u i t  p r e v io u s ly  d e s c r ib e d .  Power was th e n  sw itch ed  
o f f .
3. When th e rm a l  e q u i l ib r iu m  had been  a c h ie v e d ,  th e  s t r i p  r e c o r d e r  
was s t a r t e d  and power a p p l ie d  to  th e  magnet p ro d u c in g  a t r a n s i e n t  
h e a t in g  c u rv e .  Power was th e n  tu rn e d  o f f  and th e  sample a llow ed  
to  c o o l .
4 .  The re a d in g  was r e p e a te d .  The sample d id  n o t  have to  be demagne­
t i z e d  between r e a d in g s  a s  th e  s t a t e  o f  m a g n e t iz a t io n  o f  th e  
sample d id  n o t  e n t e r  i n t o  th e  d e r i v a t i o n  of th e  fo rm u la .
5. The sample was dem agnetized  u s in g  th e  o s c i l l o s c o p e  as a  n u l l  
d e t e c t o r .
6 . The i n i t i a l  s lo p e  o f  th e  h e a t in g  cu rve  was m easured .
|3 6 \  =  V______________(°C /se c )  (18)
' 8 t ' t  - f i
°  G x 41 x 10 x At v
where
V = v o l t a g e  i n c r e a s e  i n  tim e At 
= v o l t a g e  g a in  o f  a m p l i f i e r
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“6 oO utput o f  therm ocoup le  = 41 x 10 v o l t s /  C
7. E q u a t io n  (16) was used to  d e te rm in e  th e  "measured" power l o s s .  
S p e c i f i c  h e a t ,  c ,  v a r i e s  from 0.108 ca l/gm -°C  f o r  p u re  i r o n  to  
a p p ro x im a te ly  0 .112 cal/gm -°C  f o r  4 p e t .  A1 i n  Fe. An av e rag e  
v a lu e  of 0 .110  cal/gm -°C  was used f o r  a l l  c a l c u l a t i o n s .
8 . F ig u re  10 was used to  d e te rm in e  th e  a c t u a l  power l o s s .
A lthough t h i s  method r e q u i r e s  th e  u se  o f  a c o r r e c t i o n  f a c t o r ,  we
have p e r s i s t e d  i n  i t s  u se  becau se  th e  r e s u l t s  a r e  r e p r o d u c ib le  and th e  
t im e - te m p e ra tu r e  method o f  power l o s s  d e te rm in a t io n  i s  th e  on ly  one t h a t
can be used on a s i n g l e  s t r i p  o f  m a t e r i a l .
3. O r i e n t a t i o n  D e te rm in a t io n
X-ray ex am in a t io n  was used  to  e v a lu a te  th e  d eg ree  o f  p r e f e r r e d
o r i e n t a t i o n  i n  th e  sam ple. The s ta n d a rd  method o f  d i s p l a y in g  a p r e f e r r e d
o r i e n t a t i o n  i s  by means o f  a p o le  f i g u r e .  This  method i s  n o t  a p p l i c a b l e
to  l a r g e - g r a i n e d  m a t e r i a l  a s  many g r a in s  must be exposed to  th e  X -ray
beam. Back r e f l e c t i o n  Laue p h o to g rap h s  can be used to  e v a l u a te  l a r g e
g r a i n s  b u t  t h i s  method r e q u i r e s  p r e c i s e  p o s i t i o n i n g  o f  th e  sample w i th
r e s p e c t  to  th e  X-ray beam. O ften  s e v e r a l  p ho tog raphs  must be ta k e n  o f  a
s i n g l e  g r a in  to  d e te rm in e  i t s  o r i e n t a t i o n  w i th  any a c c u ra c y .  I f  a r e l a t i v e l y
la r g e  number o f  g r a in s  a r e  to  be exam ined, tim e r e q u i r e d  f o r  a n a l y s i s  by
e i t h e r  method i s  p r o h i b i t i v e .  M oreover, a s  w i l l  be seen  l a t e r ,  b o th  l a r g e
and sm all  g ra in e d  m a t e r i a l  a r e  en co u n te red  i n  th e  r e s u l t s  so t h a t  n e i t h e r
* •%
p o le  f i g u r e  d e t e r m in a t io n  no r  Laue p ho tog raphs  a r e  s u i t a b l e  f o r  s tu d y in g  
a l l  o f  th e  sam ples .
The method d e s c r ib e d  below was developed  to  q u a l i t a t i v e l y  d e te rm in e  
th e  t e x t u r e  o f  th e  s t r i p .  The t h r e e  h ig h  i n t e n s i t y  Bragg r e f l e c t i o n s  f o r
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t h i s  bcc m a t e r i a l  a r e  th e  110 , 200 and 211 r e f l e c t i o n s ,  h av in g  r e l a t i v e  
i n t e n s i t i e s  o f  100, 19 and 30 r e s p e c t i v e l y .  I f  many g r a in s  had a (110) 
p la n e  in  th e  s u r f a c e  o f  th e  s h e e t ,  th e  i n t e n s i t y  of th e  110 r e f l e c t i o n  
r e l a t i v e  to  th e  200 and 211 i n t e n s i t i e s  would be l a r g e r  th a n  t h a t  found 
i n  a  randomly o r i e n t e d  sam ple . S i m i l a r l y ,  i f  th e  m a t e r i a l  had a (100) 
p la n e  i n  th e  s h e e t  s u r f a c e  i t  would be more d i f f i c u l t  to  d e t e c t  th e  110 
r e f l e c t i o n .  The o n ly  two p r e f e r r e d  o r i e n t a t i o n s  t h a t  commonly develop...in 
t h i s  ty p e  o f  m a t e r i a l  have e i t h e r  th e  (110) p la n e  (Goss t e x t u r e )  o r  th e  
( 100) p la n e  (cube t e x t u r e )  p a r a l l e l  to  th e  s h e e t  s u r f a c e  so t h a t  ex am in a t io n  
o f  th e  t h r e e  h ig h  i n t e n s i t y  peaks d e te rm in e s  w hich , i f  e i t h e r ,  o f  th e  
t e x t u r e s  has  d ev e lo p ed .
A c i r c u l a r  p ie c e  o f  each s t r i p ,  a p p ro x im a te ly  0 .8  i n .  i n  d ia m e te r ,  was 
c u t  from th e  s t r i p  and p la c e d  in  th e  gon iom eter  o f  th e  d i f f r a c t i o n  u n i t  
and s e t  a t  th e  app rox im ate  Bragg a n g le  f o r  th e  110 r e f l e c t i o n  (20 - 52°) 
a s  d e te rm in ed  by th e  peak i n t e n s i t y  o f  th e  r e c o r d e r .  The sample was th en  
r o t a t e d  i n  i t s  own p la n e  ( i . e .  w i th  th e  s h e e t  normal as  a x i s  o f  r o t a t i o n )  
to  maximize th e  peak .  Once t h i s  had been  accom plished  th e  sample was 
r o t a t e d  i n  i t s  own p la n e  360° and th e  number and i n t e n s i t y  o f  each peak  
n o te d  d u r in g  r o t a t i o n .  The p ro c e d u re  was r e p e a te d  f o r  th e  200 r e f l e c t i o n  
(20 = 77°) and th e  211 r e f l e c t i o n  (20 = 9 9 ° ) .  In  many i n s t a n c e s ,  p a r t i c u ­
l a r l y  f o r  th e  110 r e f l e c t i o n ,  th e  re c o rd e d  i n t e n s i t y  was above th e  
background i n t e n s i t y  (a s  d e te rm in ed  by changing  20 by a few d e g re e s )  f o r  
360° o f  r o t a t i o n .  This  was an i n d i c a t i o n  t h a t  e i t h e r  a l a r g e  number of 
randomly o r i e n t e d  g r a in s  x^ere b e in g  i r r a d i a t e d  o r ,  i f  on ly  a few g r a in s  o r  
p e rh ap s  one g r a i n  was i r r a d i a t e d ,  t h a t  th e  r e f l e c t i n g  p la n e  in  q u e s t io n  
p a r a l l e l e d  th e  p la n e  o f  th e  sam ple . I f  th e  rem a in ing  r e f l e c t i o n s  cou ld  be 
e a s i l y  d e t e c t e d ,  th e  f i r s t  c o n d i t i o n  e x i s t e d .
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The fo l lo w in g  code was used  to  c l a s s i f y  th e  sam ples ;
(a) X -ray  r e f l e c t i o n  c h a r a c t e r i s t i c s
A -  h ig h  i n t e n s i t y  110 peaks  a lo n e  were found and th e  i n t e n s i t y  
l e v e l  was c o n s i s t e n t l y  above th e  background 
B -  110 r e f l e c t i o n s  were e a s i l y  found bu t  w ere no t  as  i n t e n s e  as  
i n  A; 211 peaks were a l s o  d e t e c t a b l e  
C -  110 and 200 r e f l e c t i o n s  were d e t e c t a b l e  b u t  n o t  211 
D -  a l l  t h r e e  r e f l e c t i o n s  were e a s i l y  d e te c te d  
E -  200 was th e  o n ly  r e f l e c t i o n
(b) A pparen t g r a i n  s i z e
Removal of th e  o x id e  c o a t  a f t e r  a n n e a l in g  l e f t  th e  sam ples i n  a macro­
e tc h e d  c o n d i t io n  so t h a t  th e  a p p a re n t  g r a in  s i z e  cou ld  be e s t im a te d  a s ;
1 -  v e ry  l a r g e  g r a i n s ;  a maximum o f  two o r  t h r e e  g r a in s  p e r  sample
2 -  s m a l le r  g r a in s  b u t  s t i l l  e a s i l y  v i s i b l e  to  th e  eye
3 -  m ic ro s c o p ic  g r a i n  s i z e
Thus, u s in g  a l e t t e r  and a num eral th e  r e l a t i v e  p e r f e c t i o n  o f  th e  o r i e n t a t i o n  
cou ld  be d e te rm in e d .
A. M echan ica l T e s t s
V ick ers  h a rd n e s s  and t e n s i l e  t e s t s  were made on s e v e r a l  s t r i p s  to  
compare th e  m ech an ica l  p r o p e r t i e s  o f  th e  A l-Fe a l l o y s  to  th o s e  o f  p u re  i r o n
and g r a in - o r i e n t e d  S i-F e .  The t e n s i l e  specim ens were ground on a T e n s i lg r in d
a p p a r a tu s .  The g r in d in g  marks on th e  edges o f  th e  sam ples were smoothed 
w i th  2/0  emery pap er  so t h a t  any s t r e s s  r a i s e r s  ran  th e  le n g th  o f  th e  sample 
r a t h e r  th an  a c r o s s  th e  w id th .  The t e n s i l e  specim ens were p u l l e d  on an 
I h s t r o n  t e s t i n g  machine u s in g  a D lo ad  c e l l  and a 1 i n .  gauge le n g th  
e x te n s o m e te r . The y i e l d  s t r e n g t h s  were de te rm in ed  u s in g  a 0 .5  p e t .  o f f s e t  
o n . th e  s t r e s s - s t r a i n  c u rv es  n o t  e x h i b i t i n g  an u l t i m a t e  y i e l d  s t r e n g t h .
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I l l  RESULTS
A. Chemical A n a ly s is
Wet ch em ica l a n a l y s i s  r e s u l t s  a r e  l i s t e d  i n  Table 2.
Tab le  2 Wet Chemical A n a ly s is
Nominal wt p e t .  A1 Average wt p e t .  A1 D e v ia t io n  Average p e t .  A1 L os t
1 0 .75  ±0.08 2 5 .0
2 1 .75  ±0.10 12 .5
3 2 .7 0  ±0.14 1 0 .0
4 3 .50  ±0.20 12 .5
Table  2 i s  th e  r e s u l t  o f  t h r e e  d i f f e r e n t  a n a ly s e s  perform ed on some o f  th e  
m a g n e to s t r i c t i o n  and c o re  l o s s  sam ples .  Two o f  the  t e n s i l e  t e s t  samples 
had A1 c o n te n ts  o u t s id e  th e s e  l i m i t s :  1 .43  p e t .  (nom ina lly  2 p e t . )  and
2 .27  p e t .  (nom ina lly  3 p e t . ) .  T h is  su g g es ted  th e  p o s s i b i l i t y  t h a t  some o f  
th e  m a g n e to s t r i c t i o n  and c o re  l o s s  samples d id  n o t  f i t  i n t o  T ab le  2 , 
a l th o u g h  th o s e  a c t u a l l y  t e s t e d  (15 p e t .  o f  a l l  sam ples) d id .  The aluminum 
i s  b e l ie v e d  to  have been l o s t  d u r in g  m ixing because  o f  th e  f i n e  aluminum 
powder s i z e  and d u r in g  s i n t e r i n g  due to  o x id a t io n  of aluminum.
B. M a g n e to s t r i c t i o n  and Power Loss
T ab le s  3 and 4 l i s t  th e  m a g n e to s t r i c t i o n  and power l o s s  r e s u l t s  f o r  
th e  1200°C and 1300°C a n n e a l in g  t r e a tm e n ts  r e s p e c t i v e l y .  The magneto­
s t r i c t i o n  r e s u l t s  o f  T ab les  3 and 4 a r e  p l o t t e d  in  F ig u re s  11 and 12.
30
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DC M a g n e to s t r i c t i o n  and 60 cps Power Loss f o r  Samples Annealed
1 2  Hours a t  1 2 0 0 O C
Wt p e t .  A1 DC M a g n e to s t r i c t i o n  Power Loss
( x 10 ^ i n . / i n . )  ( w a t t s / l b )
0  - 6 . 7  1 . 0 6
- 5 . 7  1 . 1 2
- 3 . A 2 . 0 0
0 . 7 5  - A . 2 1 . 3 2
- 2 . 3  1 . 0 6
- 2 . 8  1 . 3 6
- 3 . A 1 . 6 7
1 . 7 5  A . A  0 . 5 A
1 . 6  1.20
. 5 . 2  1 . 3 8
2 . 2  1.20
1 0 . 7
A . A
2 . 7 0  0 . 6  0 . 5 9
0 . A  0 . 7 7
1 . 1  0 . 7 A
A .  A 0 . 8 A
1 .8  0 . 8 8
2 0 .A 
1 2 . 2
3 . 5 0  5 . 2  0 . 5 0
1 . 1  0 . 9 3
6 . 7  1 . 0 5
6 . 8  1.02
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DC M a g n e to s t r i c t i o n  and 60 cps Power Loss f o r  Samples A nnealed
12 Hours a t  1300 C
Wt p e t .  A1 DC M a g n e to s t r i c t i o n  Power Loss
( x 10 ^ i n . / i n . )  ( w a t t s / l b )
0 - 3 . 2  2 .00
- 4 . 4  0 .99
- 5 . 6  1 .81
- 5 . 3  1 .48
0 .75  - 2 . 8  1 .95
- 3 . 6  1 .40
- 4 . 5  1 .24
- 3 .7  1 .48
1 .75  5 .1  1 .25
4 .4  1 .46
5 .5  0 .93
7 .5  0 .95
7 .1
7 .8
2 .70  1 .6  1 .06
1 .3  0 .86
2 .6  0 .90
12 .0  0 .90
16.3
1 .3
3 .5 0  5 .8  1 .04
1 .8  0 .93
6 .2  0 .96
1 .9  0 .71
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T ab le  5 l i s t s  t h e  m a g n e to s t r i c t i o n  r e s u l t s  f o r  th e  sam ples an n ea led  
s i x  h ou rs  a t  900°C and th r e e  h o u rs  a t  1100°C. No power l o s s  measurements 
were ta k e n  f o r  th e  900°C sam ples .
T ab le  5 M a g n e to s t r i c t i o n  and Power Loss f o r  Samples Annealed 
a t  Low Tem pera tu res
0
G.75
1 .75
2 .70
3 .50
900°C 1100°C
( x 10 i n . / i n . )  
- 3 . 1  
-A . 6 
- 6 . 1  
2.8  
4 .0  
4 .7
8 .5
( x 10 ^ i n . / i n . )
6 . 1
5 .4
10.0
13 .6
1100°C
Wt p e t .  A1 DC M a g n e to s t r i c t i o n  DC M a g n e to s t r i c t io n  Power Loss
( w a t t s / l b )
1.67
1.22
1.26
0 .99
0 .83
F ig u re  13 i s  a p l o t  o f  a l l  o f  th e  power l o s s  r e a d in g s  from T ab le s  3,
4 and 5. The l i n e  i s  drawn th ro u g h  th e  av e rag e  v a lu e  o f  th e  1200°C and 
1300°C sam ples .  F ig u re  14 r e c o rd s  th e  m a g n e to s t r i c t i o n  o f  th e  low 
te m p e ra tu re  an n ea led  m a t e r i a l .
A peak  f l u x  d e n s i t y  o f  15 ,000 Gauss f o r  th e  power l o s s  measurement 
a s  de te rm in ed  by e q u a t io n  (11) i s  a c c u r a te  to  *300 Gauss ( 2 p e t . ) .  The 
m ajo r so u rc e  o f  e r r o r  i s  th e  u n c e r t a i n t y  i n  th e  c a l i b r a t i o n  f i g u r e .  Using 
th e  ex trem e v a lu e s  o f  th e  re c o rd e d  power l o s s  l i s t e d  i n  Tab le  1 , th e  power 
l o s s  measurem ents have a p o s s i b l e  e r r o r  o f  6 p e t .  However, t h i s  e r r o r
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does n o t  in c lu d e  th e  v a r i a t i o n  in  power l o s s  o f  the  i n d i v i d u a l  samples 
used  f o r  c a l i b r a t i o n .
The e r r o r  i n  th e  m a g n e to s t r i c t i o n  v a lu e s  caused  by p o s s i b l e  v a r i a t i o n s  
i n  th e  te rm s o f  e q u a t io n  (10) i s  a p p ro x im a te ly  5 p e t .  T h is  assum es, 
however, t h a t  th e  m a g n e t iz a t io n  l e v e l  i s  e x a c t ly  15,000 G auss, which i t  i s  
n o t .  The f l u x  d e n s i t y  f o r  th e  m a g n e to s t r i c t i o n  r e a d in g s  i s  l i m i t e d  in  
p r e c i s i o n  to  *500 Gauss due to  th e  s e n s i t i v i t y  o f  th e  f lu x m e te r .  As th e  
DC m a g n e to s t r i c t i o n  v a r i e s  e i t h e r  e x p o n e n t i a l l y  o r  h y p e r b o l i c a l l y  w i th  
f l u x  d e n s i t y ,  a v a r i a t i o n  o f  t h i s  m agnitude w i l l  c r e a t e  a c o n s id e r a b le  e r r o r .  
U sing such a p l o t  o f  m a g n e to s t r i c t i o n  v e r s u s  f l u x  d e n s i t y  f o r  a " H i p e r s i l "  
s t r i p  i t  i s  e s t im a te d  t h a t  t h i s  e r r o r  i s  15 p e t .  Summing th e s e  e r r o r s ,  a 
p o s s i b l e  e r r o r  o f  20 p e t .  e x i s t s  in  th e  m a g n e to s t r i c t i o n  r e a d in g s .
C. G ra in  S ize
As e x p e c te d ,  th e  l a r g e s t  g r a i n  s i z e s  o c c u rre d  in  th e  m a t e r i a l  an n ea led  
a t  h ig h  te m p e ra tu re .  G ra in  s i z e  d i f f e r e n c e s  t h a t  o ccu rred  w i th  changing  
aluminum c o n te n t  were n o t  a f f e c t e d  by th e  a n n e a l in g  te m p e ra tu re  as  f a r  as  
th e  1200°C and 1300°C a n n e a ls  were co n ce rn ed .  The p u re  i r o n  sam ples had 
an e q u i a x i a l  g r a in  s t r u c t u r e  w i th  th e  av e ra g e  g r a in  d ia m e te r  v a ry in g  from 
4 mm to  1 mm. The ASTM m a c ro -g ra in  s i z e  numbers f o r  th e s e  v a lu e s  a re  
M6.5 and M10 r e s p e c t i v e l y .  The edge a r e a s  o f  a l l  th e  p u re  i r o n  sam ples 
were composed o f  s m a l le r  g r a in s  h av in g  d ia m e te r s  of from 0 .33  mm to  0 .2 8  mm, 
which c o r re sp o n d s  to  M13.5 to  M14 on th e  ASTM m a c ro -g ra in  s i z e  c h a r t .  A 
few o f  th e  p u re  i r o n  sam ples had a r e g io n  o f  e lo n g a te d  g r a in s  betw een th e  
edge g r a in s  and th e  e q u i a x i a l  c e n t r e  g r a i n s .  F ig u re  17 shows such a sam ple. 
T h is  e f f e c t  was p r e s e n t  f o r  b o th  h ig h  a n n e a l in g  te m p e ra tu r e s .  The sm all  
edge c r y s t a l s  were a phenomenon o f  th e  pu re  i r o n  sam ples and , t o  a l e s s e r  
e x t e n t ,  th e  0 .75  p e t .  A l-Fe a l l o y .
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The 0 .7 5  p e t .  A1 sam ples had a sm a ll  e q u i a x i a l  g r a in  s t r u c t u r e  w i th  
an av e rag e  d ia m e te r  of a p p ro x im a te ly  0.074 mm. T his  c o r re sp o n d s  to  th e  
ASTM A u s te n i t e  G ra in  S ize  No. 6 . F ig u re  18 i s  r e p r e s e n t a t i v e  o f  t h i s  
s t r u c t u r e .  T h is  g r a i n  s i z e  c o r re sp o n d s  to  ASTM m ic r o - g r a in  s i z e  4 .5 .  
F ig u re  19 shows th e  few sm a ll  edge g r a in s  o f  t h i s  a l l o y .
T a b le  6 G ra in  S iz e s  o f  a 2 .70  p e t .  A1 S t r i p  Annealed 12 Hours a t  1300°C 
Approx. G ra in  D iam ete rs  Areas
(mm) (mm^)
20 x 20 400
50 x 5 250
30 x 12 360
14 x 8 112
12 x 7 84
13 x 7 91
6 x 8 48
22 x 11 242
36 x 15 540
40 x 16 640
21 x 6 126
6 x 5 30
10 x 25 250
2 x 2 4
50 x 25 1250
13 x 5 65
15 x 16 240
Average 280 (mm )
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The a l l o y s  c o n ta in in g  1 .75  p e t . ,  2 .70  p e t .  and 3 .50  p e t .  A1 had
e x tre m e ly  l a r g e  g r a i n s .  As th e  sam ples were on ly  one in ch  i n  w id th ,  th e
grow th o f  many o f  th e  g r a in s  was l i m i t e d  to  th e  le n g th  o f  th e  s t r i p ,
e f f e c t i v e l y  p roduc ing  e lo n g a te d  g r a i n s .  A f f ix in g  an av e ra g e  g r a in  d ia m e te r
to  such a s t r u c t u r e  i s  d e c e p t iv e  and f o r  an e s t i m a t io n  o f  "a v e ra g e "  g r a in
s i z e ,  th e  a r e a s  o f  th e  g r a in s  were c o n s id e re d .  For exam ple, T ab le  6 l i s t s
a l l  s e v e n te e n  g r a in s  found i n  one sample o f  2 .70  p e t .  A l. The av e ra g e  
2
a r e a  o f  280 mm c o rre sp o n d s  to  M2.5. For th e s e  a l l o y s ,  v a lu e s  o f  M4 to  Ml
were o b ta in e d .  F ig u re  20 i s  a t y p i c a l  sam ple . An i n d i c a t i o n  o f  th e
i n c l u s i o n  c o n te n t  i s  g iv e n  by F ig u re  21. The h ig h e r  Al a l l o y s  had an 
in c l u s i o n  c o n te n t  t h a t  c o rre sp o n d ed  to  ASTM (E45-63) Background C l a s s i f i ­
c a t i o n  C o r  D.
None o f  th e  samples t r e a t e d  a t  900°C e x p e r ie n c e d  l a r g e  g r a in  grow th . 
The pure  i r o n  sam ples had an av e ra g e  g r a i n  d ia m e te r  o f  ap p ro x im a te ly  
0 .068  mm. T his  c o r re s p o n d s  to  th e  g r a i n  s i z e  o f  th e  0 .75  p e t .  Al sam ples 
t r e a t e d  a t  h ig h  te m p e ra tu re  ( i . e .  M 4.5). A l l  o f  th e  aluminum a l l o y s  had 
av e ra g e  g r a i n  d ia m e te r s  o f  a p p ro x im a te ly  0 .027  mm y i e l d i n g  a m ic r o - g r a in  
s i z e  o f  ab o u t 7 .5 .  A t y p i c a l  sample i s  shown in  F ig u re  22.
A com ple te  s e r i e s  o f  a l l o y s  was n o t  t r e a t e d  a t  1100°C. The av e ra g e  
g r a i n  d ia m e te r  o f  th e  sm a l l  g r a in s  i n  th e  h ig h e r  aluminum a l l o y s  
(1 .7 5  p e t .  and 2 .70  p e t .  Al) v a r i e d  from 0 .025  mm to  0 .038  mm, which i s  
e q u iv a le n t  t o  ASTM m ic r o - g r a in  s i z e s  7 .5  and 6 .5  r e s p e c t i v e l y .  However, 
i n  th e s e  a l l o y s  a few l a r g e  g r a in s  were found. F ig u re  23 shows th e  growth 
o f  a  l a r g e  g r a i n  i n t o  th e  s m a l le r  g r a i n s .  These l a r g e ,  i r r e g u l a r l y  shaped 
g r a i n s  were i n  th e  range  M2 to  M4: t h a t  i s ,  th ey  a r e  a s  l a r g e  a s  th e
av e ra g e  g r a i n  s i z e  o f  th e  m a t e r i a l  an n ea led  a t  h ig h e r  t e m p e r a tu r e s .  I t  
was d i f f i c u l t  to  e s t im a te  what p e r c e n ta g e  o f  th e  sam ples had a l a r g e  g r a in
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s t r u c t u r e  as  o n ly  one p a r t  (1 i n .  x 1 i n . )  o f  th e  s t r i p  was p o l i s h e d .  The 
l a r g e - g r a in e d  p a r t  o f  th e  p o l i s h e d  sample in c o rp o ra te d  from 20 p e t .  to  
50 p e t .  o f  th e  a r e a .
These r e s u l t s  a r e  summarized in  T ab le  7. The m a c ro -g ra in  s i z e s ,  
p re fa c e d  by M, a r e  a l l  * 0 .5 .
Tab le  7 Average ASTM Macro- and M ic ro -g ra in  S ize  Numbers
p e t .  Al 900°C 1100°C 1200°C 1300°C
f o r  6 H rs. f o r  3 H rs. f o r  12 H rs. f o r  12 H rs.
0 4 .5 M6.5 to  M10
0 .75 7 .5 4 .5 4 .5
1 .75 7 .5 7 .5* M4 t o  Ml
2 .70 7 .5 6 .5* M4 to  Ml
3 .50 7 .5 M4 to  Ml
* These sam ples have some l a r g e  g r a in s  -  M2 to  M4.
D. P r e f e r r e d  O r i e n t a t i o n
Using th e  code p r e v io u s ly  d e s c r ib e d  th e  r e s u l t s  o f  T ab le  8 were 
o b ta in e d .  The r e s u l t s  a r e  l i s t e d  w i th  p o s i t i o n s  r e l a t i v e  to  T ab le  3 
(on th e  l e f t )  and T ab le  4 ( i n  th e  c e n t r e ) .  From Table  8 i t  i s  a p p a re n t  
t h a t  th e  s m a l l - g r a in e d  s t r u c t u r e s  o f  p u re  i r o n  and th e  0 .75  p e t .  Al 
a l l o y  a r e  f a i r l y  randomly o r i e n t e d  f o r  th e  h ig h  te m p e ra tu re  m a t e r i a l .
In  two p u re  i r o n  sam ples ,  i n  which a l l  o f  th e  r e f l e c t i o n s  were no t  
d e t e c te d  (E and C ) , i t  i s  su sp e c te d  t h a t  o n ly  one g r a in  was i r r a d i a t e d  
d u r in g  r o t a t i o n  o f  th e  sam ple. The l a r g e - g r a i n e d  a l l o y s  have a Goss 
t e x t u r e ,  ( 110) [00 l ]  , th e  q u a l i t y  o f  which v a i ' i e s  a p p r e c ia b ly .
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Tab le  8 P r e f e r r e d  O r i e n t a t i o n  E v a lu a t io n
Wt p e t .  Al O r i e n t a t i o n  Code O r i e n t a t i o n  Code O r i e n t a t i o n  Code 
(1200°C sam ples) (1300°C sam ples) (1100°C sam plesT
0 D2 E2
D2 D2
D2 C2
D2
0 .75  D3 D3
D3 D3
D3 D3
D3 D3
1 .75  D1 Al Cl
Al Cl D1
Cl Cl
D1 Al
Al Cl
Al Al
2 .7 0  Cl Al Al
Cl B1 B1
Cl Al
Cl Al
Cl B1
B1 B1
Al
3 .50  Al B1
Cl Cl
Al Cl
Cl Al
N ote: The a p p a re n t  g r a i n  s i z e  o f  th e  1100°C samples a r e  l i s t e d  h e re  as
b e in g  v e ry  l a r g e  ( 1) ,  s in c e  th e  g r a i n  b o u n d a r ie s  o f  th e  sm a l l  g r a in s  
a r e  n o t  v i s i b l e  and , i n  th e  p re se n c e  o f  a l a r g e  g r a i n ,  sm a l l  g r a in s  
appea r  to  be a s i n g l e  g r a i n .
E. M echanical T e s t s
1. T e n s i l e  R e s u l t s
The t h r e e  o r i e n t e d  S i-F e  sam ples e x h ib i t e d  a y i e l d  p o in t  which o c c u r re d  
a t  a p p ro x im a te ly  0 .5  p e t .  e lo n g a t io n .  The i r o n  and A l-Fe a l l o y s  d id  n o t
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e x h i b i t  a  y i e l d  p o in t  and a 0 .5  p e t .  o f f s e t  was used in  e s t i m a t in g  th e  
y i e l d  s t r e n g t h .  The u l t i m a t e  t e n s i l e  s t r e n g t h s  a r e  based  on th e  o r i g i n a l  
c r o s s - s e c t i o n a l  a r e a  o f  th e  sam ple. Only th e  1 .75  p e t .  and 2 .70  p e t .
Al i n  Fe a l l o y s  were t e s t e d  as  th ey  showed th e  most p ro m ise ,  m a g n e t ic a l ly  
sp e a k in g .  The u l t i m a t e  s t r e n g t h  i s  a l s o  th e  f a i l u r e  s t r e n g t h  as  th e  sam ples 
f a i l e d  by t e a r i n g .  F ig u re  15 i s  a p l o t  o f  th e  ave rage  v a lu e s  o f  T ab le  9.
T ab le  9 S t r e n g th s  o f  Samples Given a High T em perature  A nnealing  T rea tm en t
Wt p e t .  Al Y ie ld  S t r e n g th  U l t im a te  T e n s i l e  P e t .  E lo n g a t io n  a t
(psi) Strength Ultimate Strength
0 9,500
( p s i )
19,300 14 .4
10,200 20,500 17 .5
12,300 24,300 18 .5
10,700 23,700 20 .5
1 .75 17,600 34,500 11 .5
17,200 31,700 50. OH-
21,100 37,500 1 3 .5
17,600 33,500 3 6 .0
2 .70 20,400 33,500 13 .3
20,200 34,500 16 .5
- 26,000 43 ,200 39 .5
26,200 42,100 16 .5
3 .25  p e t .  S i 53,800 57,000 10 .0
46,800 48,700 6 .3
45,300 48,600 8 .3
2. Vickers Hardness
T able  10 l i s t s  th e  V ick e rs  h a rd n e s s  (100 gm lo ad )  ta k e n  on th e  samples 
g iv e n  a  h ig h  te m p e ra tu re  a n n e a l in g  t r e a tm e n t .  F ig u re  16 i s  a p l o t  o f  th e  
av e rag e  v a lu e s  o f  Tab le  10.
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T ab le  10 V ic k e rs  H ardness
Wt p e t .  Al 
0
0.75
1.75
2 .70
3 .50
3 .25  p e t .  S i
V ic k e rs  H ardness
70 .5  78 .8
6 8 .8  79 .5
7 1 .9  82 .2
115 103
118 113
111 105
125 131
121 121
130 113
157 135
144 142
126 124
139 142
146 158
138 137
237 287
245 258
230 253
Average
75 .3
111
124
138
143
252
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IV DISCUSSION OF RESULTS
A. Samples Given a High Tem perature  A nnealing  T rea tm ent
None o f  th e  r e s u l t s . showed any s i g n i f i c a n t  d i f f e r e n c e  betw een th e  
p r o p e r t i e s  o f  th e  sam ples an n ea led  a t  1200°C and th o se  an n e a le d  a t  1300°C. 
The r e s u l t s  o f  T ab le  7 su g g e s t  t h a t  a l l o y s  c o n ta in in g  1 .75  p e t .  A1 o r  
more undergo secondary  r e c r y s t a l l i z a t i o n  a t  1200°C o r  1300°C to  a l a r g e -  
g ra in e d  Goss t e x t u r e ,  (110) [OOl] . P u re  i r o n  and 0 .75  p e t .  A1 in  i r o n  
an n ea led  a t  1200°C o r  1300°C do n o t  p o s s e s s  a l a rg e  g r a i n  s i z e  and a r e  
r e l a t i v e l y  randomly O r ie n te d .  Some p r e f e r r e d  o r i e n t a t i o n  i s  o b ta in e d  in  
th e  p r im ary  r e c r y s t a l l i z a t i o n  o f  th e  l a t t e r  samples a s  th e y  r e c r y s t a l l i z e  
from a co ld-w orked  m a t e r i a l ,  b u t  i t  i s  n o t  n e a r l y  as  w e l l  deve loped  a s  in  
th e  l a r g e - g r a i n e d  sam ples .  R e fe re n ce  to  F ig u re  4 d e m o n s tra te s  t h a t  bo th  
h ig h  a n n e a l in g  te m p e ra tu re s  a r e  w i th i n  th e  l i m i t s  o f  th e  y and a + y
r e g io n  o f  th e  A l-Fe phase  d iagram  f o r  p u re  i r o n  and 0 .7 5  p e t .  A1 in  Fe.
On c o o l in g ,  a g r a in s  n u c l e a t e  i n  th e  h ig h  te m p e ra tu re  m a t r ix  and a  sm a ll  
g r a in  s i z e  r e s u l t s .
I t  i s  s u sp e c te d  t h a t  th e  i r r e g u l a r  g r a in  p a t t e r n  found a long  th e  
edges o f  some o f  th e  pu re  i r o n  and 0 .75  p e t .  A1 sam ples i s  a r e s u l t  o f  
te m p e ra tu re  g r a d i e n t s  o r  c o ld  w ork ing .  The edges o f  th e  pu re  i r o n  sam ples 
c o o l  more q u ic k ly ,  hence en co u ra g in g  u n d e rc o o l in g ,  many n u c l e i ,  and a sm a ll  
g r a i n  s i z e .  That t h i s  phenomenon o c c u r re d  to  a l e s s e r  e x t e n t  in  th e  0 .75
p e t .  A1 a l l o y  can be e x p la in e d  by th e  f a c t  t h a t  th e  t r a n s f o r m a t io n
te m p e ra tu re  i s  h ig h e r .  T h is  a l l o y ,  on c o o l in g  more q u ic k ly  th a n  pu re
41
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i r o n  th ro u g h  th e  t r a n s i t i o n  r e g io n ,  had a h ig h e r  n u c l e a t i o n  r a t e  a c r o s s  
th e  e n t i r e  sam ple , r e s u l t i n g  i n  a s m a l le r  b u t  more un ifo rm  g r a i n  s i z e  
th a n  th e  p u re  i r o n  sam ples .  The l a r g e  d i f f e r e n c e  in  g r a in  s i z e  between 
th e  edge g r a i n s  and th e  c e n t r e  g r a in s  i s  beyond t h a t  ex p ec ted  from a 
v a r i a t i o n  in  n u c l e a t i o n  r a t e  d u r in g  c o o l in g .  I t  i s  known t h a t  th e  amount 
o f  co ld  work p r i o r  t o  a n n e a l in g  a f f e c t s  th e  f i n a l  g r a in  s i z e .  A gain , th e  
l a r g e  d i f f e r e n c e  in  g r a in  s i z e  i s  n o t  a n t i c i p a t e d  f o r  th e s e  heavy r e d u c t io n s .
I t  i s  f e l t ,  t h e r e f o r e ,  t h a t  th e  u n u su a l  g r a in  p a t t e r n  o f  th e  pure  
i r o n  and 0 .75  pe t .  A1 a l l o y  may be p roduced  by a com bina tion  o f  th e  two 
e f f e c t s ;  n on -un ifo rm  c o o l in g  and c o ld  w ork ing . F u r th e r  t e s t i n g  would be 
r e q u i r e d  to  i s o l a t e  th e  cause  o r  cau se s  o f  t h i s  e f f e c t .
On th e  o th e r  hand , th e  a l l o y s  o f  1 .75  p e t .  A1 and more d id  n o t  
undergo an a l l o t r o p i c  t r a n s f o r m a t io n  on c o o l in g  and r e t a i n e d  t h e i r  h ig h  
te m p e ra tu re  s t r u c t u r e s .  The i n h i b i t i o n  o f  p r im ary  g r a i n  g row th , which i s  
r e q u i r e d  f o r  secondary  r e c r y s t a l l i z a t i o n ,  a p p e a rs  to  have been accom plished  
by th e  i n c lu s io n s  in  th e  sam p les ,  most o f  which would be aluminum o x id e .
Some aluminum o x id e  would be p r e s e n t  on th e  aluminum powder mixed w i th  th e  
i r o n .  On s i n t e r i n g ,  t h i s  o x id e  i s  n o t  re d u c e d .  In d eed ,  i t  i s  q u i t e  
l i k e l y  t h a t  th e  i n  th e  s i n t e r i n g  a tm osphere  would in c r e a s e  th e  ox ide  
c o n te n t 's o m e w h a t , a s  th e  s u r f a c e  o f  th e  A l-Fe a l l o y s  was o x id i z e d .  The 
f a c t  t h a t  th e  p u re  i r o n  sam ples were n o t  o x id iz e d  p re c lu d e s  th e  fo rm a t io n  
o f  an i r o n  o x id e  d u r in g  h e a t  t r e a tm e n t s .
The s u g g e s t io n  t h a t  th e  pu re  i r o n  and 0 .75  p e t .  A1 a l l o y  were 
randomly o r i e n t e d  was enhanced by th e  m a g n e to s t r i c t i o n  r e a d i n g s .  The 
m easured m a g n e to s t r i c t i o n  was n e g a t iv e ,  which a g re e s  w i th  th e  p o ly ­
c r y s t a l l i n e  m a g n e to s t r i c t i o n  o f  F ig u re  2. I f  th e s e  a l l o y s  had a p r e f e r r e d  
o r i e n t a t i o n ,  th e n  th e  m a g n e to s t r i c t i o n  would have been  p o s i t i v e  as
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su g g e s te d  by F ig u re  1. On th e  o th e r  hand, th e  p o s i t i v e  m a g n e to s t r i c t i o n  
o f  th e  1 .75  p e t . ,  2 .70  p e t .  and 3 .5 0  p e t .  A1 a l l o y s  s u g g e s ts  th e  p re se n c e  
o f  a p r e f e r r e d  o r i e n t a t i o n .  The wide s c a t t e r  i n  th e s e  r e a d in g s  can be 
a t t r i b u t e d  to  s e v e r a l  s o u r c e s .  The X -ray r e s u l t s  show t h a t  th e  p r e f e r r e d  
o r i e n t a t i o n  v a r i e d  w id e ly  from sample to  sample and a v a r i a t i o n  in  
m a g n e to s t r i c t i o n  was, t h e r e f o r e ,  bound to  o c c u r .  The (110) p la n e  r o t a t e d  
o u t  o f  th e  s u r f a c e  o f  th e  sample i s  u s u a l l y  g r e a t e r  th a n  th e  r o t a t i o n  of 
th e  [OOl] d i r e c t i o n  from th e  r o l l i n g  d i r e c t i o n .  Both o f  th e s e  v a r i a t i o n s ,  
n e v e r t h e l e s s ,  i n c re a s e d  th e  m a g n e to s t r i c t i o n  i n  S i-F e  a l l o y s  and can be 
ex p ec ted  to  do th e  same h e r e .  Of c o u r s e ,  th e  f a c t  t h a t  th e  s t r i p s  a r e  
n o t  p e r f e c t l y  s t r a i g h t  and t h a t  th e  s t r a i n  gauges could  n o t  be a p p l ie d  
e x a c t ly  i n  th e  r o l l i n g  d i r e c t i o n  a l s o  caused  th e  m a g n e to s t r i c t i o n  r e a d in g s  
to. v a ry  and , g e n e r a l l y ,  to  i n c r e a s e .  The v a r i a t i o n  i n  co m p o si t io n  
d e t e c te d  by a n a l y s i s  i s  n o t  c o n s id e re d  a s i g n i f i c a n t  cause  o f  th e  s c a t t e r  
i n  th e  r e a d i n g s .  I f  i t  w ere , th e n  a d e f i n i t e  t r e n d  in  th e  m a g n e to s t r i c t i o n  
v e r s u s  co m p o s i t io n  cu rve  would r e s u l t .  T h is  i s  no t to  say t h a t  such a 
v a r i a t i o n  i s  n o t  p r e s e n t ,  b u t  i t s  e f f e c t s  h e r e  a r e  masked by o th e r  
v a r i a b l e s .  C om pos it iona l  v a r i a t i o n s  w i th in  a g iven  sample w i l l  be q u i t e  
im p o r ta n t ,  however. I n t e r n a l  s t r e s s e s ,  which i n c r e a s e  th e  m a g n e t o s t r i c t i o n ,  
a r e  induced  by h e t e r o g e n e i t y .  V a r ia t io n s  of up to  11 p e t .  A1 from one 
end o f  a sample to  a n o th e r  have been  found in  th e  a s - s i n t e r e d  c o n d i t io n ;  
b u t  a f t e r  an a d d i t i o n a l  12 hour a n n e a l in g  t r e a tm e n t ,  th e  a l l o y s  shou ld  
be fairly homogeneous.
I t  shou ld  be no ted  t h a t  th e  p l o t s  of F ig u re  1 and F ig u re  2 a r e  f o r  
s a t u r a t i o n  m a g n e t o s t r i c t i o n ,  which o cc u rs  around 20,000 G auss. As our 
r e a d in g s  were tak en  a t  15,000 G auss, i t  i s  n o t  p e r m i s s ib le  to  say  t h a t  
th e s e  f i g u r e s  r e p r e s e n t  a t h e o r e t i c a l  v a lu e  f o r  e i t h e r  a p r e f e r r e d  o r  a
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random o r i e n t a t i o n .  I t  i s  e n t i r e l y  p o s s i b l e  t h a t  a s t r a i n  gauge cou ld  
have been i n s t a l l e d  i n c o r r e c t l y  o r  damaged d u r in g  i n s t a l l a t i o n .  The on ly  
check  t h a t  can be made on th e  i n s t a l l e d  gauge i s  a r e s i s t a n c e  measurement 
o f  th e  gauge; b u t  i f  th e  r e s i s t a n c e  i s  c o r r e c t ,  th e  gauge may s t i l l  be 
in a c c u r a t e .  As a l l  o f  th e  i n s t a l l e d  gauges had th e  c o r r e c t  r e s i s t a n c e ,  
none were r e j e c t e d ,  c r e a t i n g  th e  p o s s i b i l i t y  o f  e r ro n eo u s  r e s u l t s  on a 
few sam ples .
The f a c t  t h a t  th e  v a r i a t i o n  i n  m a g n e to s t r i c t i o n  r e a d in g s  o f  th e  
randomly o r i e n t e d  sam ples i s  much l e s s  th an  t h a t  of th e  t e x tu r e d  sam ples 
s u g g e s ts  t h a t  th e  d eg ree  o f  p e r f e c t i o n  o f  th e  o r i e n t a t i o n  and th e  domain 
p a t t e r n ,  which depends upon th e  o r i e n t a t i o n ,  a r e  f a r  more s i g n i f i c a n t  in  
d e te rm in in g  th e  m a g n e to s t r i c t i o n  o f  a sample th a n  a r e  th e  o th e r  v a r i a b l e s  
d i s c u s s e d  above. The i n c l u s i o n  c o n te n t  b e in g  r e l a t i v e l y  h ig h  i n  th e  Goss 
t e x tu r e d  sam ples w i l l  a l s o  i n c r e a s e  th e  m a g n e to s t r i c t io n  by c r e a t i n g  
N eel s p ik e s  in  th e  domain p a t t e r n s ,  opposing  domain w a l l  m ig r a t io n  and 
c r e a t i n g  i n t e r n a l  s t r e s s e s  i n  th e  s t r u c t u r e .  The com plete  e l im i n a t io n  
o f  o x ide  i n c l u s i o n s  (which in  t h i s  m a t e r i a l  should  accommodate n e a r ly  a l l  
i n c lu s io n s )  m igh t n o t  be d e s i r a b l e  as  th e  i n c lu s io n s  a r e  p ro b a b ly  n e c e s s a ry  
to  p e rm it  secondary  r e c r y s t a l l i z a t i o n  by i n h i b i t i n g  p r im ary  g r a in  grow th .
I t  i s  p o s s i b l e ,  however, t h a t  t h e  specimen th i c k n e s s  e f f e c t  would p erfo rm  
t h i s  f u n c t i o n ,  a l lo w in g ,  a t  l e a s t  t h e o r e t i c a l l y ,  th e  removal o f  a l l  
i n c l u s i o n s .
There i s  one a p p a re n t  anomaly in  th e  m a g n e to s t r i c t i o n  r e s u l t s  o f  th e  
specim ens an n ea led  a t  h ig h  te m p e ra tu r e s .  The s a t u r a t i o n  m a g n e t o s t r i c t i o n _ 
r i s e s  w i th  in c re a s e d  aluminum c o n te n t  (F ig u re  1 ) .  T h is  would su g g e s t  
t h a t  th e  av e ra g e  m a g n e to s t r i c t i o n  v a lu e  of th e  3 .50  p e t .  A1 sam ples should  
be g r e a t e r  th an  t h a t  o f  th e  2 .70  p e t .  A1 sam ples .  T h is  i s  n o t  th e  c a s e .
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Due to  th e  l a r g e  v a r i a t i o n s  en co u n te red  in  th e  r e a d i n g s ,  i t  i s  f e l t  t h a t  
i f  a d d i t i o n a l  s t r i p s  were t e s t e d ,  th e  av e ra g e  v a lu e  o f  th e  m a g n e to s t r i c t i o n  
r e a d in g s  would be d i r e c t l y  p r o p o r t i o n a l  to  th e  a l l o y in g  c o n te n t .
Even w i th  t h i s  l a r g e  sp read  o f  v a l u e s ,  abou t 60 p e t .  of  th e  h ig h  
te m p e ra tu re  sam ples had m a g n e to s t r i c t i o n  v a lu e s  equa l  t o  o r  l e s s  th an
5 .0  x 10 ^ i n . / i n . ,  which i s  as  good a s  t h a t  o f  a  g r a i n - o r i e n t e d  S i-F e  
m a t e r i a l .
Power l o s s  o f  th e  sam ples an n ea led  a t  1200°C and 1300°C d e c re a se d  
w i th  i n c r e a s in g  aluminum c o n t e n t .  T h is  e f f e c t  had two c a u s e s .  The f i r s t  
i s  th e  i n c r e a s e  i n  r e s i s t i v i t y  produced  by A l.  The in c re a s e d  r e s i s t i v i t y  
re d u c e s  th e  eddy c u r r e n t  f lo w , low er in g  th e  power l o s s .  The second e f f e c t  
i s  th e  p r e f e r r e d  o r i e n t a t i o n  o f  th e  h ig h e r  Al a l l o y s ,  x^hich r e s u l t s  in  a 
l a r g e r  domain s i z e  w i th  th e  180° domain w a l l s  p a r a l l e l  to  th e  r o l l i n g  
d i r e c t i o n .  The s lo p e  o f  th e  l i n e  o f  av e ra g e  pox^er l o s s  v a lu e s  i s  
g r e a t e s t  a c r o s s  th e  t r a n s i t i o n  r e g io n  from random to  p r e f e r r e d  o r i e n t a t i o n  
( i . e .  0 .75  p e t .  Al to  1 .75  p e t .  A l ) , s u g g e s t in g  t h a t  th e  p r e f e r r e d  
o r i e n t a t i o n  i s  v e ry  e f f e c t i v e  in  r e d u c in g  th e  power l o s s .  The sp read  of 
d a t a  i s  a g a in  q u i t e  marked and , i n  t h i s  c a s e ,  th e  randomly o r i e n t e d  
sam ples have a s  l a r g e  a sp read  a s  th e  t e x tu r e d  m a t e r i a l .  A l a r g e  v a r i a t i o n  
i n  power l o s s  r e a d in g s  i s  o f t e n  found among samples ta k e n  from th e  same 
p ie c e  of s t r i p .  I t  i s  n o t  u n u s u a l ,  t h e r e f o r e ,  t h a t  by ta k in g  r e a d in g s  
on i n d i v i d u a l  samples h e a t  t r e a t e d  i n  d i f f e r e n t  b a tc h e s  such a v a r i a t i o n  
i s  r e c o rd e d .  The f a c t o r s  which a f f e c t e d  th e  m a g n e to s t r i c t i o n  r e s u l t s  -  
c o m p o s i t io n a l  v a r i a t i o n s ,  inhom ogene ity ,  i n c l u s i o n  c o n t e n t ,  domain p a t t e r n  
and g r a i n  s i z e  ( a l l  o f  which a r e  n o t  in d e p en d en t v a r i a b l e s )  -  a l s o  a f f e c t  
th e  power l o s s  r e a d in g s .  As th e  power l o s s  i s  a l s o  dependen t upon th e  
t h i c k n e s s  o f  th e  sam ples ( e q u a t io n  (8) ) ,  th e  v a r i a t i o n  in  th e  th ic k n e s s ,
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0 .011  i n .  *0 .001  i n .  ( a p p ro x im a te ly  10 p e t . ) ,  w i l l  a l s o  s c a t t e r  th e  
r e a d i n g s .  From th e s e  r e s u l t s  i t  a p p e a rs  t h a t  a  power l o s s  o f  l e s s  th a n  
1 w a t t / l b  can be ex p ec ted  i n  th e  Goss t e x tu r e d  a l l o y s .  In  f a c t ,  i f  a 
m a t e r i a l  w i th  th e  same g r a in  s i z e  and d eg ree  o f  p r e f e r r e d  o r i e n t a t i o n  as  
th e  3 .25  p e t .  S i -F e  a l l o y  were produced  i n  A l-F e ,  th e  power l o s s  would be 
s u b s t a n t i a l l y  below 1 w a t t / l b .
The m e ch an ic a l  p r o p e r t i e s  o f  th e  t e x tu r e d  aluminum a l l o y s  a r e
*
s i g n i f i c a n t l y  b e t t e r  th a n  th e  p u re  i r o n  sam ples .  The a d d i t i o n  o f  2 .70  p e t .  
Al a p p ro x im a te ly  d o u b le s  b o th  th e  y i e l d  s t r e n g t h  and th e  u l t i m a t e  t e n s i l e  
s t r e n g t h  o f  p u re  i r o n .  The 2 .70  p e t .  Al sample had an av e ra g e  y i e l d  
s t r e n g t h  o f  23 ,200  p s i  a s  de te rm in ed  by a 0 .5  p e t .  o f f s e t  and an u l t i m a t e  
t e n s i l e  s t r e n g t h  o f  38 ,300 p s i .  However, a  Goss t e x tu r e d  3 .25  p e t .  S i 
a l l o y  had an av e ra g e  y i e l d  s t r e n g t h  o f  48 ,600  p s i  and an a v e ra g e  u l t i m a t e  
t e n s i l e  s t r e n g t h  o f  51 ,400  p s i .  These v a lu e s  a r e  a p p ro x im a te ly  doub le  th e  
aluminum a l l o y  v a lu e s .
S i m i l a r l y ,  w h i le  th e  a d d i t i o n  o f  2 .70  p e t .  Al n e a r l y  doubled  th e  
V ic k e rs  h a rd n e s s  o f  p u re  i r o n  from 7 5 .3  to  138, th e  g r a i n - o r i e n t e d  3 .25  
p e t .  S i  a l l o y  i s  n e a r l y  tw ic e  a s  h a r d ,  hav ing  a V ic k e rs  h a rd n e s s  o f  252.
While e l e c t r i c a l  s t r i p  i s  n o t  su b m it te d  to  s e v e re  t e n s i l e  lo a d in g  
d u r in g  o p e r a t io n ,  i t  i s  im p o r ta n t  to  be a b l e  t o  s h e a r  and stamp e l e c t r i c a l  
s h e e t  w i th o u t  s e v e re  edge d e fo rm a t io n ,  w hich would a f f e c t  i t s  p e rfo rm ance .  
These c h a r a c t e r i s t i c s  improve w i th  in c r e a s e d  s t r e n g t h  and h a r d n e s s .  I t  
sh o u ld  be c o n c lu d ed ,  t h e r e f o r e ,  t h a t  th e  s i l i c o n  a l l o y  i s  b e t t e r  s u i t e d  
f o r  th e s e  o p e r a t io n s .
In  summary, t h e  2 .70  w e ig h t p e r  c e n t  Al i n  Fe, Goss t e x tu r e d  a l l o y  
produced h e re  h as  an av e ra g e  l i n e a r  DC m a g n e to s t r i c t i o n  ( a t  15 ,000 Gauss) 
o f  a p p ro x im a te ly  7.0 x 10 ^ i n . / i n .  and a 60 cps power l o s s  ( a t  a peak
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f l u x  d e n s i t y  o f  15 ,000 Gauss) o f  l e s s  th an  1 w a t t / l b .  W hile th e s e  v a lu e s  
r e p r e s e n t  an improvement over  a n o n -o r ie n te d  s i l i c o n - i r o n  a l l o y ,  th ey  a re  
n o t  a s  good a s  th e  s i l i c o n - i r o n  Goss te x tu r e d  s t r i p  o f  th e  same th i c k n e s s  
(0 .0 1 1  i n . ) .  M ech an ica l ly  th e  2 .70  w e ig h t pe r  c e n t  A l-Fe a l l o y  i s  
i n f e r i o r  to  th e  s i l i c o n  m a t e r i a l .
B. Samples Given a Low T em perature  A nnealing  T rea tm ent
None o f  th e  m a t e r i a l  an n ea led  a t  900°C underwent secondary  r e c r y s t a l ­
l i z a t i o n .  As no phase  change o c c u r re d  d u r in g  c o o l in g ,  th e  av e rag e  g r a in  
s i z e  o f  th e  0 .75  p e t .  Al sam ples was ro u g h ly  th e  same as  in  th e  h ig h e r  
Al a l l o y s .  The s l i g h t l y  in c re a s e d  g r a i n  s i z e  o f  th e  p u re  i r o n  sam ples 
can be a t t r i b u t e d  to  th e  l a c k  o f  o x id e  i n c l u s i o n s ,  which r e t a r d  normal 
g r a i n  g row th . Due to  th e  s m a l l  g r a in  s i z e  o f  t h i s  m a t e r i a l ,  power l o s s  
v a l u e s ,  i f  ta k e n ,  would have been s i g n i f i c a n t l y  above th e  av e ra g e  v a lu e s
o f  th e  A l-Fe m a t e r i a l  an n ea led  a t  h ig h  te m p e ra tu re .  I f  a p u r e ly  random
7
o r i e n t a t i o n  e x i s t e d  in  t h i s  m a t e r i a l ,  th e n  acc o rd in g  to  H a l l  , th e  1 .75 
p e t .  Al a l l o y  shou ld  have had z e ro  m a g n e to s t r i c t i o n .  The s c a t t e r  of 
v a lu e s  o b ta in e d  a t  t h i s  co m p o s i t io n  i s  a r e s u l t  o f  th e  p r im ary  r e c r y s t a l ­
l i z a t i o n  t e x t u r e .
The p re s e n c e  o f  some l a r g e  g r a in s  i n  th e  a l l o y  t r e a t e d  a t  1100°C 
im p l ie s  t h a t  secondary  r e c r y s t a l l i z a t i o n  o c c u rs  a t  t h i s  te m p e ra tu r e .  As 
th e  m i c r o s t r u c t u r e  a l s o  c o n ta in s  sm a ll  g r a i n s ,  1100°C must be c l o s e  to  
th e  minimum te m p e ra tu re  f o r  secondary  r e c r y s t a l l i z a t i o n .  T h is  i s  in  
agreement w ith  th e  minimum te m p e ra tu re  de te rm ined  f o r  powdered S i-F e
2 As t r i p  . An in c o m p le te  secondary  r e c r y s t a l l i z a t i o n  t e x t u r e  s u g g e s t s  t h a t  
th e  i n c l u s i o n  d e n s i t y  th ro u g h  th e  m a t e r i a l  i s  n o t  c o n s t a n t .  In  a r e a s  of 
h ig h  i n c l u s i o n  c o n c e n t r a t i o n  secondary  r e c r y s t a l l i z a t i o n  ( i . e .  abnormal 
g r a in  growth) i s  i n h i b i t e d .  T h is  i n h i b i t i o n  i s  overcome by u s in g  h ig h e r
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a n n e a l in g  t e m p e r a t u r e s ^ .
I t  i s  d i f f i c u l t  to  i n t e r p r e t  th e  m a g n e to s t r i c t i o n  v a lu e s  f o r  th e s e  
a l l o y s .  The X -ray  r e s u l t s  s u g g e s t  t h a t  th e  l a r g e  g r a in s  do ten d  toward 
(110) [OOl] . As th e  g r a i n  s i z e  of th e  m a t e r i a l  under th e  s t r a i n  gauge i s  
n o t  known, i t  can on ly  be assumed t h a t  b o th  l a r g e  and sm a l l  g r a in s  
c o n t r i b u t e  to  th e  m a g n e to s t r i c t i o n  r e a d i n g s .  In  any e v e n t ,  th e  i n t e r -  
g r a n u la r  a c t i v i t y  t h a t  accom panies m isa lig n m en t from ( 110) | j 00l3 w i l l  
i n c r e a s e  th e  m a g n e t o s t r i c t i o n ,  y i e l d i n g  v a lu e s  somewhat above th o se  of 
th e  h igh  te m p e ra tu re  m a t e r i a l .
F ig u re  13 i l l u s t r a t e s  t h a t  th e  power l o s s  v a lu e s  o f  th e  1100°C 
sam ples a r e  above th e  av e rag e  v a lu e s  o f  th e  h ig h  te m p e ra tu re  m a t e r i a l ,  
r e f l e c t i n g  th e  p re s e n c e  o f  th e  sm a l l  g r a i n s .
The a lum inum -iron  a l l o y s  an n ea led  a t  low te m p e ra tu re s  ( i . e .  900°C 
and 1100°C) would n o t  be a c c e p ta b l e  a s  e l e c t r i c a l  s t r i p .
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V CONCLUSIONS AND RECOMMENDATIONS
A s e r v i c e a b l e ,  Goss t e x t u r e d ,  2 .70  x^eight pe r  c e n t  A l-Fe e l e c t r i c a l  
s t r i p  has  been  produced  whose p r o p e r t i e s ,  b o th  m agnetic  and m e c h a n ic a l ,  
a r e  i n f e r i o r  to  th e  s ta n d a rd  Goss t e x t u r e d ,  3 .25  w eigh t p e r  c e n t  S i-F e  
m a t e r i a l .  However, t h i s  A l-F e  a l l o y  h as  lo\?er power l o s s  th a n  p u re  i r o n  
and some n o n - o r ie n te d  s i l i c o n - i r o n  a l l o y s ,  a l th o u g h  th e  l a t t e r  two 
m a t e r i a l s  i n  a n o n - o r ie n t e d  c o n d i t i o n  may have lower m a g n e t o s t r i c t i o n .
I n  a d d i t i o n ,  t h i s  aluminum a l l o y  has  an  i n s u l a t i n g  o x ide  c o a t  in  th e  
a s - a n n e a le d  c o n d i t io n .
The m a t e r i a l  cou ld  be improved m a g n e t ic a l ly  by p e r f e c t i n g  th e  
t e x t u r e ,  which i s  o f  lox<r q u a l i t y .  A more o r th o d o x  r o l l i n g  sch e d u le  
( i . e .  a l a r g e  r e d u c t io n  o f  ab o u t 75 p e r  c e n t ,  th en  a f i n a l  r e d u c t io n  of 
abou t 50 p e r  c e n t )  shou ld  improve th e  o r i e n t a t i o n .  A lox^er f i n a l  
a n n e a l in g  te m p e ra tu re  o f  a p p ro x im a te ly  1150°C should  be s u f f i c i e n t  f o r  
secondary  r e c r y s t a l l i z a t i o n .  A more un ifo rm  i n c l u s i o n  d e n s i t y  xrould be 
d e s i r a b l e ,  p a r t i c u l a r l y  a t  t h i s  reduced  a n n e a l in g  te m p e ra tu r e ,  to  in s u r e  
u n ifo rm  n u c l e a t i o n  o f  secondary  r e c r y s t a l l i z a t i o n  g r a i n s .  As th e  
i n c l u s i o n s  a r e  a lm os t e x c l u s i v e ly  aluminum o x id e ,  produced by th e  
o x id a t io n  o f  aluminum d u r in g  s i n t e r i n g ,  a more u n ifo rm  in c l u s i o n  d e n s i t y  
would be ach iev ed  by b e t t e r  m ixing o f  th e  powders.
The e x te n s iv e  h e a t  t r e a tm e n t  used d e m o n s t ra te s  t h a t  a Goss t e x t u r e  
w i l l  d ev e lo p .  T r i a l  ru n s  would e s t a b l i s h  th e  a n n e a l in g  te m p e ra tu re  and 
tim e a t  t e m p e ra tu re  r e q u i r e d  to  produce th e  d e s i r e d  g r a in  s i z e .  I t  seems
49
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
50
p o s s i b l e  from th e  g r a in  s i z e s  en co u n te red  a t  1100°C t h a t  a l a r g e r  g r a in  
s i z e  th a n  o c c u rs  i n  th e  " H i p e r s i l "  m a t e r i a l  cou ld  be a c h ie v e d .  The o x ide  
i n c l u s i o n  c o n te n t  o f  th e  m a t e r i a l  can be minimized by u s in g  r e l a t i v e l y  
c l e a n  aluminum powder and a hydrogen atm osphere  low in  0 ^  and ^ 0 . 
However, th e  aluminum powder used i n  t h i s  work was d e s s i c a t e d  and a h ig h  
p u r i t y  hydrogen employed. Vacuum s i n t e r i n g  a n d /o r  a n n e a l in g  would 
p ro b ab ly  be n e c e s s a ry  to  e f f e c t  a s i g n i f i c a n t  r e d u c t io n  o f  aluminum oxide  
i n  th e  sam ple. Such a r e d u c t io n  would improve th e  m agnetic  p r o p e r t i e s .
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APPENDIX A
DERIVATION OF MAGNETOSTRICTION FORMULA
R e f e r r in g  to  F ig u re  5 ,  R^, R2> R^ and R^ a r e  th e  nom inal r e s i s t a n c e s  
o f  th e  s t r a i n  g au g es .  R^ and R^ a r e  th e  a c t i v e  gauges .  The gauge f a c t o r s  
f o r  th e  a c t i v e  gauges a r e ;
GF1 -  dRi / Rx and g f 3 " dR3^R3 <19)_____ d l /1
The e q u a t io n  f o r  b r id g e  b a la n c e  i s ;
RxR3 = R2R  ^ (20 )
where
R4 -  ^
R4 + \
D i f f e r e n t i a t i n g  e q u a t io n  (20) to  o b t a in  th e  e f f e c t  o f  sm a l l  changes i n  th e  
a c t i v e  gauge r e s i s t a n c e s  and R^;
R3dRx + R1dR3 = R2dR  ^ (21)
dR’ -  (R4 + V R4dRb " R4RbdRb 4  ---------------
(R4 + Rb )
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dR! -  E42dRb
S u b s t i t u t i n g  i n t o  e q u a t io n  (2 1 ) ;
2p p rfP
R3dR1 + R1dR3 = 2 4 b
+ \ )2
From e q u a t io n  (1 9 ) ;
dRj  ^ = R1 (GF1) d l / l
and
dR3 -  R3 (GF3) d l / l
S u b s t i t u t i n g  th e  above in  e q u a t io n  (2 2 ) ;
2
R3R1 (GF1) d l / l  + R1R3 (GF3) d l / l  = R2R4 dRb
<R4 + V 2
Using i d e n t i c a l  s t r a i n  gauges;
R- — Ra k Ra — R. and GFn ® GF-1 2  3 4 1 3
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(22)
Therefore;
Assuming
2(GF1)R12d l / l  = R1 dV -x x  2
(Ex + V
Rb »  V
2 ( G F j ) R j O l / l  - * i X
(v 2
d l / l Rl dRb
2 (GFx)Rb5
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APPENDIX B
AC INDUCTION CALIBRATION
R e f e r r in g  to  th e  o u tp u t  c i r c u i t  o f  F ig u re  7 ,  th e  v o l t a g e  a c r o s s  th e  
o s c i l l o s c o p e ,  V , i s ;
V * 1
C
I  d t (23)
Assuming t h a t  th e  r e s i s t a n c e  o f  th e  s e a rc h  c o i l  i s  n e g l i g i b l e  in  
com parison  to  R;
V = 1 i n  d t
c “  J —
where i s  th e  v o l t a g e  induced  i n t o  th e  c o i l .
V ■ 1
°  RC
V Nin  d t  = ^2
RC d t RC
where
$ * m agnetic  f l u x
T h e re fo re ;
$ = V RC/N„o 2 (2 4 )
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D iv id in g  b o th  s id e s  o f  e q u a t io n  (24) by th e  c r o s s - s e c t i o n a l  a r e a  o f  th e  
2
sam ple ,  A(cm ) ;
A N.A
where
B = m ag n e tic  f l u x  d e n s i ty
B_ -  RC . v o l t s  (25)
mm ^ A  mm
I n  th e  cgs  system ;
-91 f a r a d  = 10 emu
9
1 ohm = 10 emu
g
1 v o l t  = 10 emu
1 Gauss = 1 emu
Then e q u a t io n  (25) becomes;
Gauss/mm d e f  = (C R /^A ) x 10® x volts/m m  (11)
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APPENDIX C
POWER LOSS MEASUREMENT
The i n i t i a l  p a r t  o f  t h e  fo l lo w in g  i s  a summary o f  a p o r t i o n  o f
34W estinghouse R esearch  R eport 10-0604-1-R4
The u se  o f  e q u a t io n  (16) r e q u i r e s  t h a t  th e  i n i t i a l  p a r t  o f  th e  
a c t u a l  t r a n s i e n t  h e a t in g  cu rve  o f  th e  specim en be l i n e a r .  The power, P, 
g e n e ra te d  in  a specim en s u b je c t e d  to  an a l t e r n a t i n g  f i e l d  o f  a n g u la r  
v e l o c i t y ,  to, h e a t s  th e  specim en a c c o rd in g  to ;
V20 + P «= eg. /30\ (26)
K K \3 t  1
where
P = P f l  + . E . a .  s i n ( i w t  + d>.)l o '-  i= l  i  i -1
The v a lu e s  o f  a^ and <(> depend upon th e  waveform of th e  f l u x  d e n s i t y ,  
which i s  a f u n c t io n  o f  many o th e r  f a c t o r s .  A lthough P v a r i e s  w ith  t im e ,  
compared to  th e  tim e o f  measurement and th e  re s p o n s e  o f  th e  c i r c u i t  of 
F ig u re  6 , i t  can be c o n s id e re d  e q u a l  to  i t s  av e rag e  v a lu e .
The p u r e ly  t h e o r e t i c a l  h e a t in g  cu rve  o f  th e  specimen must be 
c a l c u l a t e d  from e q u a t io n  (26) f o r  a la m in a te d  specim en hav ing  a r e c t a n g u l a r  
c r o s s - s e c t i o n .  The i n d i v i d u a l  c o n s id e r a t i o n s  o f  specimen s i z e  and 
i n s u l a t i o n  makes t h i s  ex tre m e ly  d i f f i c u l t .
80
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I n s t e a d ,  th e  c a l c u l a t i o n s  a r e  made f o r  a sp h ere  whose volume i s  
a p p ro x im a te ly  t h a t  of th e  r e c t a n g u l a r  s e c t i o n  and u s in g  e x p e r im e n ta l  
v a lu e s  o f  power l o s s  (0 .34  w a t t s / l b )  and f i n a l  te m p e ra tu re  r i s e  (0 .793  C°) 
from th e  r e c t a n g u l a r  specim en (1 i n .  x 1 i n .  x 0 .5  i n . ) .  I t  was de te rm in ed  
t h a t  th e  t r a n s i e n t  h e a t in g  cu rve  i s  l i n e a r  to  w i th in  5 p e t .  o f  th e  i n i t i a l  
v a lu e ;
f o r  a t  l e a s t  12 seconds a f t e r  a p p l i c a t i o n  o f  t h e  f i e l d .  For power 
g e n e r a t io n s  g r e a t e r  th a n  0 .32  w a t t s / l b  th e  s lo p e  i s  c o n s ta n t  f o r  a g r e a t e r  
p e r io d .
As ou r sam ples had a l a r g e r  s u r f a c e  to  volume r a t i o  th a n  th e  
r e c t a n g u l a r  specim en m entioned  above , th e  h e a t  l o s t  to  th e  a tm osphere  
w i l l  te n d  to  d e c re a s e  th e  l i n e a r  p o r t i o n  o f  th e  t r a n s i e n t  h e a t in g  c u rv e .  
However, a s  th e  power l o s s  i s  g r e a t e r  th a n  0 .32  w a t t s / l b ,  th e  l i n e a r  
p o r t i o n  o f  th e  h e a t in g  curve  shou ld  n o t  be too  s e v e r e ly  a f f e c t e d .  In d eed ,  
th e  re c o rd e d  h e a t in g  cu rv e s  were a p p ro x im a te ly  l i n e a r  f o r  a t  l e a s t  10 
seconds .
The i n a b i l i t y  to  rep ro d u ce  r e s u l t s  u s in g  e q u a t io n  (17) s u g g e s ts  t h a t ,  
beyond th e  l i n e a r  p o r t i o n  o f  th e  h e a t in g  c u rv e ,  l a r g e ,  e r r a t i c  h e a t  
c o n d u c t io n  to  th e  a i r  makes th e  t im e - te m p e ra tu re  curve  i n c o n s i s t e n t ,  
p a r t i c u l a r l y  d u r in g  c o o l in g .
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